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Summary

Cancer remains a major cause of death in the world. A lot of efforts are thus made to
diagnose it at an earlier stage and to treat it more efficiently. Indeed, the actually used treatments
are invasive or lead to multi drug resistance by using several times chemotherapy techniques
for example. Therefore, there is for several reasons a growing interest in nanomedicine, and
more particularly on polymeric nanoobjects, to improve current treatments. They are indeed
tunable, that is to say that they can be synthesized as a function of the aimed application, they
are able to encapsulate dyes and/or drugs in the vesicles or at their surface, they can be stimuli
sensitive to perform drug delivery, and so on. Moreover, theranostic which combines drug
delivery and imaging has a growing interest thanks to imaging contrast agents encapsulated in
the nanoobjects, allowing to follow them in vivo and to diagnose the evolution state of cancers.
The most used imaging technique in hospital is magnetic resonance imaging (MRI).
Nevertheless, this technique has a lack in sensitivity that can be palliated by using contrast
agents or bimodal systems. The most used contrast agents in clinic are based on gadolinium
complexes. However, studies have proved that these contrast agents led to nephrogenic
systemic fibrosis more particularly to patients with kidneys diseases as well as an accumulation

in the brain after repeated injections.

Herein, we have developed polymeric nanoobjects, micelles and vesicles (also called
polymersomes) which are made of a pH-sensitive polyester shell to obtain a controlled release
of the encapsulated drug in the acidic tumoral environment. The polymer carrier is composed
of an amphiphilic copolymer PEO-b-P(CL-co-LA) with a statistical hydrophobic block
obtained by ring opening polymerization (ROP) of ¢-caprolactone and Z-lactide (LLA). During
the self-assemblies, these nanoobjects will encapsulate doxorubicin, a well-know anti-cancer
drug as well as dyes, ZW800-1 a near infrared fluorophore derivated from indocyanine green,
which is already Food and Drug Administration (FDA) approved as contrastophore in
fluorescence imaging (FLI). These nanosystems were characterized by different techniques able

to evidence their structure and they were evaluated in vitro and in vivo.

In a second time, to palliate to the issues induced by gadolinium complexes used in MRI, we
have developed manganese complexes based on pyclen derivatives. The developed
macrocycles were fully characterized and their efficiency in MRI were evaluated by different

NMR techniques. Finally, their biodistribution, efficiency and impact in the organism were



determined by in vivo tests. The manganese complexes showed an efficiency close to that of
gadolinium complexes. To improve it, it was envisaged to graft them on the surface of the
nanoobjects which will modify the rotational correlation time of the complexes, and hence their
efficacy. To perform this, a click chemistry between the macrocycles and the nanovesicles was
planned, so that the Mn-complexes and the polymers have to be functionalized with the right
chemical groups. Different strategies of synthesis were investigated to obtain the desired

compounds.



Résumé de la thése

Le cancer reste une cause majeure de déces dans le monde. Beaucoup d’efforts sont dés
lors réalisés afin de pouvoir le diagnostiquer a un stade précoce et le traiter plus efficacement.
En effet, les traitements actuellement utilisés sont invasifs ou conduisent a une résistance aux
médicaments en utilisant par exemple de nombreuses fois la chimiothérapie. C’est pourquoi il
y a un intérét croissant pour la nanomédecine et plus particuliérement pour les nano-objets
polymériques afin d’améliorer les traitements actuels. Les raisons en sont qu’ils sont versatiles,
c’est-a-dire qu’ils peuvent étre synthétisés en fonction de I’application visée, qu’ils peuvent étre
greffés ou encapsuler des fluorophores et/ou des médicaments, qu’ils peuvent étre sensibles a
différents stimuli pour effectuer le relargage du médicament, etc. De plus, mettre en place une
plateforme théranostique, combinant 1’administration de médicaments et 1’imagerie, est un
avantage. En effet, les contrastophores encapsulés ou greffés permettent de suivre in vivo les
nanoobjets ainsi que 1’état d’évolution du cancer. La technique d’imagerie la plus utilisée a
I’hopital est I’imagerie par résonance magnétique (IRM). Néanmoins, cette technique a un
manque de sensibilité qui peut étre palliée en utilisant un agent de contraste ou un systéme
bimodal. Les agents de contrastes les plus utilisés en milieu hospitalier sont basés sur des
complexes de gadolinium. Cependant, des études ont prouvé que ces agents de contraste
conduisent a une fibrose systémique néphrogénique plus particulierement chez les patients
souffrant de maladies rénales et a une accumulation dans le cerveau aprés des injections

répétées.

Nous avons développé des nano-objets polymériques, des micelles et des vésicules (¢galement
appelées polymersomes) qui sont constitués d’une coque de polyester sensible au pH afin
d’obtenir une libération contrdlée des médicaments encapsulés dans 1’environnement tumoral
acide. Le copolymeére est composé d’une structure amphiphile PEO-b-P(CL-co-LA) avec une
séquence hydrophobe statistique obtenue par polymérisation par ouverture de cycle (ROP) de
I’e-caprolactone et du L-lactide (L-LA). Ces nano-objets sont capables lors de 1’autoassemblage
d’encapsuler la doxorubicine comme médicament pour le traitement du cancer ainsi qu’un
contrastophore, le ZW800-1 qui est un fluorophore absorbant dans le proche infrarouge dérivé
du vert d’indocyanine, un contrastophore déja approuvé par la FDA en tant que fluorophore
pour I’imagerie optique par fluorescence. Ces nanosystémes ont été caractérisés par différentes

techniques capables de mettre en évidence leur structure et ils ont été évalués in vitro et in vivo.



Dans un second temps, pour pallier les problémes induits par 1’utilisation des complexes de
gadolinium en IRM, nous avons développé des dérivés de pycléne complexés avec des ions
mangangese. Les macrocycles développés ont été entierement caractérisés et leur efficacité en
IRM a été évalué par différentes techniques de RMN. Enfin, leur biodistribution, leur efficacité
et leur impact sur I’organisme ont ét¢ déterminés par des tests in vivo. L’efficacité¢ des
complexes de manganése est proche de celle des complexes de gadolinium. Pour I’améliorer, il
est possible de les greffer en surface des nano-objets susmentionnés afin de modifier leur temps
de corrélation rotationnel, et donc leur efficacité. Pour ce faire, une stratégie par chimie click
est envisagée, impliquant la fonctionnalisation des complexes de Mn et des polymeéres par les
groupements chimiques adéquats. Différentes stratégies de synthése ont été étudiées pour

obtenir les composés désirés.



Résumé étendu en francais

Le cancer reste aujourd’hui une cause majeure de déceés dans le monde. Beaucoup
d’efforts dans le monde de la recherche sont des lors réalisés afin de parvenir a le diagnostiquer
a un stade précoce et a le traiter le plus efficacement possible. En effet, les traitements
actuellement utilisés sont soit invasifs, soit conduisent a une résistance aux médicaments en
utilisant, par exemple, de nombreuses injections de chimiothérapie. C’est pourquoi il y a un
intérét croissant pour la nanomédecine et plus particuliérement pour les nano-objets polymeéres,
une catégorie d’objets particulierement prometteurs pour I’amélioration des traitements actuels.
Les raisons en sont qu’ils sont versatiles, ¢’est-a-dire qu’ils peuvent étre facilement modifiés
afin de correspondre a I’application visée de par la voie de synthese choisie, que des molécules
d’intérét peuvent étre greffées sur leur surface en fonction des bouts de chaines utilisés, qu’ils
peuvent encapsuler des contrastophores et/ou des médicaments, qu’ils peuvent étre sensibles a
différents stimuli pour effectuer le relargage du médicament, etc. De plus, il est possible avec
ce type d’objets de mettre en place une plateforme théranostique, combinant 1’administration
de médicaments et le suivi par imagerie, ce qui est un avantage. En effet, les contrastophores
encapsulés ou greffés permettent de suivre in vivo les nano-objets ainsi que, idéalement,

I’évolution des tumeurs.

La technique d’imagerie la plus utilisée est ’imagerie par résonance magnétique (IRM).
Néanmoins, cette technique a un manque de sensibilité qui peut étre pallié par I’utilisation d’un
agent de contraste ou d’un systéme bimodal. Les agents de contraste les plus utilisés en milieu
hospitalier sont des complexes de gadolinium. Cependant, des études ont prouvé que ces agents
de contraste conduisent a des fibroses systémiques néphrogéniques plus particuliérement chez
les patients souffrant de maladies rénales et a une possible accumulation dans le cerveau apres
des injections répétées. Une alternative a ce probléme serait la mise en place de complexes de
manganese qui est un ion naturellement présent dans le corps et ingéré quotidiennement.
Suivant cette optique, 4 agents complexants, a base de dérivés de pycléne, ont été synthétisés
et la structure moléculaire des composés intermédiaires menant aux complexes a ét¢ totalement
caractérisée. (Figure 11.2) Ces complexants sont obtenus sur base d’une « partie basse » dérivée
de diéthylene triamine fonctionnalisée ou nous venons greffer une « partie haute » obtenue

grace a la fonctionnalisation de 3-hydroxypyridine qui, aprés plusieurs étapes de déprotection



et/ou de fonctionnalisation, permet d’obtenir le macrocycle capable de complexer les ions

manganese.

g} g@ T

Figure II.2. Structures des 4 complexes de manganése synthétisés et étudiés dans le
cadre de ce travail MnLiH : MnPy(COO-)2-H; MnI.COO- : MnPy(COO-):-
OCH2€CO0; MnlsCH: MnPy(COO-)-OCH:2CONHCH2CCH et MnLs«NHs*
MnPy(COO-):-OCH2CONH(CH2)2NHs"*.

Les complexes de manganeése correspondants ont été entierement caractérisés par des méthodes
avancées de relaxométrie afin d’évaluer les parametres régissant leurs propriétés et leur
efficacité en tant qu’agents de contraste paramagnétiques en IRM. Cette caractérisation est
importante afin d’évaluer si les complexes ont une efficacité proche de celle des complexes
commerciaux de gadolinium, et pourraient potentiellement les concurrencer sur le marché, s’ils
passent une évaluation plus approfondie de leur bio-sécurité. Les analyses de relaxométrie ont
mis en évidence la présence d’une molécule d’eau dans leur premicre spheére de coordination
avec un échange rapide de la molécule d’eau avec celles présentes dans son environnement et
un temps de corrélation rotationnel typique de petites molécules paramagnétiques. Bien que ces
composés a base de mangangése se soient révélés Iégerement moins efficaces que les composés
a base de gadolinium commercialisés, ce qui est attribué a un moment magnétique plus faible
du métal, le potentiel de ces composés chélatants a base de pyclene reste élevé. En effet, lorsque
la relaxivité des complexes est comparée avec celle d’un complexe de gadolinium commercial
extraite sur la base d’images IRM d’échantillons « fantdmes », (Figure I1.12) les complexes de
manganese fonctionnalisés sur la pyridine présentent une relaxivité »; proche de celle du

complexe de gadolinium macrocyclique le plus courant, Gd-DOTA.



Gd-DOTA

Figure I1.12. Images fantomes enregistrées a approximativement 37°C et deux champs magnétiques (1 T et 9.4 T)
pour chaque complexe de manganése synthétisé a 0,5 mM comparé au Gd-DOTA a la méme concentration et a I’eau
pure. La séquence RARE pour 1 T et FISP pour 9.4 T ont été utilisées pour I’enregistrement.

La relaxivité de nos complexes pourrait néanmoins étre améliorée de différentes maniéres.
Tout d’abord, il serait possible de jouer sur le temps de corrélation rotationnel du complexe en
le bloquant dans une nanostructure, qu’elle soit organique (par exemple, des micelles ou des
vésicules) ou inorganique (par exemple, des nanoparticules de silice), tout en gardant une taille
hydrodynamique suffisamment faible pour permettre une furtivité et une clairance rapide lors
de ’injection en circulation systémique (ce qui est un prérequis pour les agents de contraste
utilisés en clinique). De plus, les fonctions chimiques supplémentaires sur la structure
pyridinique permettront la conjugaison a des vecteurs biologiquement pertinents tels que des

peptides ou des anticorps afin de cibler des pathologies spécifiques.

Par la suite, une évaluation de la biodistribution in vivo de deux des 4 composés synthétisés,
MnLiH et MnL,COQO-, a été réalisée afin de mettre en évidence la capacité de ces derniers a
éclaircir les zones de clairances permettant ainsi leur mise en évidence. Les images in vivo
montrent des résultats intéressants, indiquant un mécanisme de clairance majoritairement rénal.
Néanmoins, les autres voies d’élimination, comme le foie, émettent aussi un signal et doivent
donc étre étudiées car elles suggeérent une possible déstabilisation des complexes. Les
mécanismes d’absorption et d’excrétion cellulaires (ions Mn?* libres ou Mn?" complexés), ainsi
que la possibilit¢ de décomplexation (in vivo) doivent étre démontrés par d’autres études
biologiques. Cette décomplexation pourrait se produire par compétition avec les ions zinc et
cuivre également présents dans 1’organisme si I’on compare les constantes de stabilité (pour
MnLH) et les tests de transmétallation en présence d’ions zinc réalisés.! Pour mettre en
évidence ce probléme, il pourrait €tre intéressant d’utiliser des ions manganese radiomarqués
qui devraient permettre de suivre uniquement les ions manganése exogenes et de pouvoir les
suivre in vivo. Cependant, il pourrait également étre intéressant d’évaluer si la présence d’un

bras fonctionnalisé sur la pyridine a un impact sur le systéme aussi bien sur la constante



cinétique que sur la stabilité thermodynamique. D’autre part, il serait intéressant aussi de mettre
en évidence la viscosité des fluides rénaux pour vérifier si le contraste est apporté uniquement
par I’effet des agents de contraste ou par une modification de la viscosité induite par la présence

des agents de contraste.

Sur la base des résultats, une nouvelle amélioration de I’inertie cinétique des complexes Mn?*
pourrait étre obtenue a I’avenir en remplagant les deux groupes complexants de 1’acétate par
des groupes non ionisables tels que les amides; dans ce cas, la charge positive sur les complexes
cationiques Mn?" résultants pourrait protéger contre la dissociation assistée par 1’acide, bien
que le greffage de macromolécules neutres puisse étre nécessaire dans ce cas pour assurer la
furtivité contre I’adsorption des protéines plasmatiques sanguines. Il sera néanmoins important
de vérifier que la présence de ces fonctions amides n’augmente pas trop le temps de séjour dans
la sphére interne de la molécule d’eau coordinée, ce qui conférerait une relaxivité longitudinale
du proton plus faible. En conclusion, ces résultats préliminaires montrent des propriétés tres
encourageantes des dérivés pyclénes pour les propriétés de contraste IRM, bien que des études
supplémentaires soient nécessaires pour démontrer qu’ils peuvent remplacer les complexes de
gadolinium dans le diagnostic clinique de maladies (cancers, accidents vasculaires
cérébraux...).

Ces complexes Mn?* restent donc un moyen alternatif d’éviter les problémes des
complexes Gd**, bien que des améliorations doivent encore étre apportées pour finalement
réaliser un essai clinique sur les humains.

Par la suite, nous avons développé des nano-objets polymeéres, des micelles et des
vésicules (également appelées polymersomes) qui sont constitués d’une coque de polyester
sensible au pH afin d’obtenir une libération controlée des médicaments encapsulés dans
I’environnement tumoral acide. Le copolymeére utilisé est composé d’une structure amphiphile
PEO-b-P(CL-co-LA) avec une séquence hydrophobe statistique obtenue par polymérisation par
ouverture de cycle (ROP) de I’ e-caprolactone (CL) et du Z-lactide (L-LA). Ces copolymeres ont
¢té entierement caractérisés puis utilisés pour former des nanostructures par deux méthodes
d’autoassemblage. De plus, ces nano-objets sont capables lors de 1’autoassemblage
d’encapsuler la doxorubicine comme médicament pour le traitement du cancer ainsi qu’un
contrastophore, le ZW800-1 qui est un fluorophore absorbant dans le proche infrarouge et
dérivé du vert d’indocyanine, un contrastophore déja approuvé par la FDA en tant que

fluorophore pour I’imagerie optique par fluorescence.



La nanoprécipitation a mis en évidence la formation de micelles (plus précisément un mélange
de micelles sphériques et cylindriques), tandis que la méthode de réhydratation des couches
minces a donné des polymersomes. Ces deux types de nanostructures ont été caractérisées par
différentes techniques telles que la DLS (Dynamic Light Scattering), le SAXS (Small Angle X-
rays Scattering), la MALS (Multi-Angle Light Scattering), I’AF4 (Assymetric Flow Field-Flow
Fraction) et enfin la cryo-TEM (Cryo-Transmission Electron Microscopy) pour obtenir des

images confirmant les analyses précédentes. (Figure I11.20 ; Figure I11.21)
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Figure II1.20. Image de cryo-microscopie électronique des nanostructures composées de PEO4s-b-P(CL4o-co-LAg)
obtenues par nanoprécipitation permettant de mettre en évidence la formation de micelles cylindriques et sphériques,
et I’histogramme correspondant obtenu sur la base de la mesure de 100 micelles ajusté avec une loi gaussienne.
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Figure I11.21. Image de cryo-microscopie électronique des nanostructures composes de PEO4s-b-P(CL3s-co-LAs)
obtenues par la méthode de réhydratation de couches minces, et les histogrammes correspondants obtenus sur la
base de la mesure de 101 vésicules en haut a droite et de 59 bicouches en bas a gauche tous deux ajustés avec une
loi gaussienne.

Le point suivant était donc I’encapsulation de contrastophores et/ou de médicaments dans ces
nanostructures micellaires ou vésiculaires afin d’obtenir, d’un c6té, la capacité de les suivre in
vitro et in vivo grace au ZW800-1, et de 1’autre coté, la chimiothérapie, en I’occurrence en
ajoutant la doxorubicine. Les polymersomes ont montré une plus grande capacité a encapsuler
les contrastophores hydrophiles, le ZW800-1, la rhodamine B, et la doxorubicine, bien que de
nouvelles analyses doivent étre effectuées avec 1’appareil de dissolution en flux continu afin de
mettre en évidence la loi mathématique suivie pour le relargage contrdlé. En effet, cette
expérience permettrait de mettre en évidence la capacité des copolymeéres a répondre a un

stimulus de pH et a délivrer le médicament plus efficacement a 1’endroit de la tumeur.

La toxicité des polymeéres a également été évaluée, sur plusieurs lignées cellulaires et les
résultats ont mis en évidence que lorsque les cellules sont capables d’internaliser et répondent
a la norme ISO 10993-5, une toxicité apparaissait a partir de 0,8 mg/mL. Enfin, les
nanostructures ont été évaluées in vivo. Les micelles semblent avoir absorbé en surface les
contrastophores et la doxorubicine au lieu de les avoir encapsulés, conduisant a une élimination
directe de ceux-ci par désorption. Méme au niveau de la tumeur aucun signal significatif n’a

¢été mis en évidence. D’autre part, les polymersomes ont quant & eux montré la capacité de



s’accumuler et de rester dans le temps au niveau de la tumeur, au moins pendant 1 semaine.
(Figure II1.27) 11 est tout de méme a noter que lors des tests de biodistribution, en 1’absence de
tumeur, une accumulation au niveau de la rate a été observée. Ces résultats préliminaires sont
encourageants pour finalement démontrer une efficacité pour traiter la tumeur en utilisant 1’effet
EPR avec ces systemes. Il pourrait étre intéressant d’encapsuler la doxorubicine dans de tels
nano-objets, et de vérifier s’ils peuvent ralentir ou arréter la croissance d’une tumeur voire

méme de 1’éliminer.

Pre-dye

Figure II1.27. Suivis FLI de la biodistribution des polymersomes a une concentration de10 uM en ZW800-1 sur une souris
ayant développé spontanément au cours du temps une tumeur.

Ces nanostructures pourraient également étre utilisées en imagerie photoacoustique grace a la
capacité du ZW800-1 de relarguer de la chaleur sous 1’effet de I’excitation par des photons. En
effet, cette technique d’imagerie est émergente en raison de sa capacité a obtenir un signal plus
profond dans le corps car dans ce cas il s’agit d’une onde acoustique qui est détectée et non des
photons comme pour I’imagerie optique par fluorescence, qui sont fortement absorbés ou
dispersés par les tissus a des profondeurs supérieures a quelques mm. Notre systéme peut donc
déja étre considéré comme une sonde d’imagerie multimodale, bien qu’il ne contienne pas pour

I’instant d’effet contrasté en imagerie par résonance magnétique.

Les polymeres fabriqués en PEO-b-P(CL-co-LA) ont montré leur intérét pour
I’administration de médicaments et leur accumulation possible dans la zone tumorale.
Néanmoins, ils ont encore besoin de quelques améliorations. Avant tout, la synthése doit étre

mieux controlée. Une solution consisterait a utiliser des alcoxydes d’aluminium comme le



Ti(Oi1Pr)3 qui représentent une alternative intéressante comme catalyseur et amorceur de la ROP
des lactides et des lactones.? Ces derniers ont récemment été utilisés a trés faible teneur (jusqu’a
0,1%) pour préparer des copolymeres P(LA-co-CL) statistiques avec une fraction importante
d’unités lactidyles.>> De plus, le corps est exposé quotidiennement a 1’aluminium avec des
quantités d’environ 30 mg par jour.® Ainsi, les quantités catalytiques d’aluminium utilisées dans
la syntheése ne devraient apporter aucune toxicité a 1’organisme. Néanmoins, des étapes de
lavage étendues des copolymeéres seront nécessaires, mais cette voie reste une option
intéressante pour la suite des travaux. Aprés cela, il pourrait étre intéressant d’augmenter le
nombre d’unités lactidyles pour assurer une capacité de libération de médicament élevée, tout
en permettant I’obtention de polymeres ayant une faible toxicité des nanostructures résultantes.
En effet, pour rappel, les unités LA ont la capacité d’étre dégradées plus rapidement que les
unités CL, ainsi que d’augmenter le taux de dégradation dans le microenvironnement tumoral
car le pH pourrait diminuer avec la production d’acide lactique. Cependant I’augmentation du
caractere semi-cristallin de la PCL par I’introduction d’une fraction de L-lactide pourrait aussi
engendrer des problémes de formation des polymersomes, malgré 1’'usage de la méthode de
réhydratation de film (effectuée a 50°C, au-dessus de la température de fusion du copolymére).
Il pourrait donc étre intéressant de déterminer les bonnes proportions de fraction LA qui
permettent la formation de polymersomes tout en augmentant la vitesse d’administration du
médicament et finalement ne présentent pas de toxicité in vitro et in vivo. La vérification de
toutes ces exigences permettra d’obtenir un nanosystéme optimal ayant les bonnes propriétés
pour le relargage contr6lé de médicaments. Il est également nécessaire de déterminer les lois
régissant le relargage de médicaments sur base de ces systémes pour prouver si I’ajout de
fractions LA a un impact sur la vitesse de relargage comme prévu. Apres cela, des expériences
in vivo sur des souris porteuses de tumeurs doivent étre effectuées pour prouver la capacité des
polymeéresomes a s’accumuler dans la tumeur par effet EPR, ainsi que la libération du
médicament et sa capacité a diminuer la taille de la tumeur. Enfin, ’avantage de la bimodalité
de la nanostructure doit étre évalué par, d’une part, la réalisation d’une imagerie
photoacoustique qui pourrait également se combiner avec I’IRM, et d’autre part, le greffage de

complexes de Mn?* 4 la surface.

Comme discuté lors de la premiere partie de ce travail, une voie d’amélioration de la
relaxivité serait de greffer les complexes de manganése en surface des nano-objets

susmentionnés afin de modifier leur temps de corrélation rotationnel, et donc leur efficacité.



Pour ce faire, une stratégie par chimie click est envisagée, impliquant la fonctionnalisation des
complexes de Mn?* et des copolyméres par les groupements chimiques adéquats. La stratégie
choisie pour la chimie click est une réaction sans catalyse au cuivre afin d’éviter la possible
toxicité que pourraient apporter les ions cuivre au systeéme et éviter une décomplexation des
ions manganeses avec le macrocycle. Pour ce faire, des motifs dibenzocyclooctyne (DBCO) et
azoture peuvent &tre utilisés, grace a la tension de cycle favorisant la réaction de cycloaddition
sans catalyse. Différentes stratégies de synthése ont été étudiées pour obtenir les composés
désirés. Cependant, plusieurs difficultés ont été rencontrées pour obtenir les complexes Mn?*
portant un groupe fonctionnel nécessaire a la cycloaddition alcyne-azoture promue par tension
de cycle (SPAAC), soit les fonctions DBCO, soit les fonctions azotures. La principale difficulté
rencontrée provenait de la déprotection en milieu acide et différentes stratégies ont été
développées pour résoudre ce probléme. La solution optimale semble étre le greffage de 3-
azido-1-propanamine sur L,COO™ conduisant a 1’obtention du complexe aprés déprotection -
tBu et complexation avec des ions manganése. Néanmoins, certaines améliorations ou d’autres
techniques de caractérisation doivent étre effectuées pour mettre en évidence la présence d’une

fonction azoture sur les complexes.

Une fois le macrocycle obtenu, le copolymeére fonctionnalis¢ DBCO-PEO-b-P(CL-co-
LA) a été synthétisé a I’aide d’un polymere fonctionnalis¢ commercial DBCO-PEO avec une
pureté insatisfaisante conduisant a une dispersion bimodale dans les analyses de
chromatographie d’exclusion stérique. Cette synthése devrait donc également nécessiter
quelques améliorations et optimisations. Deux solutions pourraient étre tentées : soit acheter le
polymeére a un autre fournisseur comme JenKem™, USA, soit essayer de purifier le polymere
actuel. Par la suite il sera important de déterminer les proportions en DBCO-PEO-b-P(CL-co-
LA) et de PEO-b-P(CL-co-LA) permettant de fonctionnaliser les polymersomes de fagon
optimale. Il pourrait étre intéressant de déterminer le nombre de DBCO a la surface pour ajouter
exactement le bon nombre de complexes N3-Mn?" dans le milieu. Cette quantité dépendra
probablement de la proportion entre les polymeéres fonctionnalisés et non-fonctionnalisés
utilisés pour former les polymersomes mais aussi de leur capacité a se trouver en surface. Enfin,
une étude relaxométrique compléte des polymersomes greffés devrait permettre d’évaluer
I’impact du greffage des complexes sur leur temps de corrélation rotationnel et donc sur

I’efficacité des nanoobjets en tant qu’agents de contraste IRM.

De plus, dans les travaux futurs, ce type de polymeéres fonctionnalisés DBCO pourrait

¢galement permettre de greffer des peptides ou d’autres molécules de ciblage spécifiques,



conduisant a la formation d’une nano-plateforme thérapeutique ciblée polyvalente,
multimodale (fluorescence, imagerie photo-acoustique et IRM) et multi-responsive (libération
de médicament en réponse a une variation de pH ou de température locale, prés de la tumeur).
Enfin une évolution peut-étre souhaitable serait de remplacer le PEG par un autre type de bloc

hydrophile, afin d’éviter tout risque d’activation du complément.
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Chapter I

Chapter I: state of the art

1.1 Introduction

Cancers are the second cause of death in the world according to the world health
organization (WHO) statistics in 2020, and are therefore a growing societal issue. Efforts are

recurrently made to improve the different ways of treatment.’

For localized tumors, surgery is the leading technique as it allows to remove all or a
large part of cancer cells and it is a local treatment. Nevertheless, the surgical intervention is
invasive, and, unfortunately, all cancer cells cannot usually be removed, so that chemotherapy
or radiotherapy must be used to complete the treatment, to prevent relapses and to treat
proximal, and to some extent, distal metastases. Actually the different treatments approved by
the Food and Drug Administration (FDA) are not specific, are usually composed of small
organic molecules, some of them being hydrophobic, which leads to fast clearance and/or toxic
accumulation, and can modify the integrity of healthy cells, with for example hair loss or bone
marrow issues.®!! Moreover, multiple injections of chemotherapy can lead to multi-drug
resistance that reduces the capacity of treatments to have an impact on cancer cells.!” These
different drawbacks show the necessity to find new alternatives allowing better diagnosis and/or
treatment. Among all the possibilities, the nanotechnologies represent an elegant manner to
develop new treatments in the medical field due to their tunability. That is why there is a
growing interest in nanotechnology in the research world, both in academia and in
pharmaceutical industry. Indeed, the nanostructures can be tailored for both diagnosis and
treatment and designed to increase the bioavailability of the active principals. Moreover, a lot
of efforts are made to properly characterize them to obtain a final nanostructure dedicated to
the intended application.'3 Two families of nanoparticles (NPs) are developed: (i) inorganic and
(i) organic. Among the inorganic nanoparticles developed, magnetic nanoparticles like
superparamagnetic iron oxide nanoparticles (SPIONs) are widely used for hyperthermia

treatment. For example, using such particles leads to a local heating in the zone of accumulation



induced by the applied magnetic field, allowing to kill the cancer cells.!*'® SPIONs can also
be designed for diagnosis using magnetic resonance imaging, leading to a theranostic platform.
Metallic nanoparticles, such as gold nanoparticles, are also used due to their biocompatibility,
stability, etc. They can be synthesized in different shapes, which is useful for drug delivery and
they have optical properties that can be used for imaging.!”2° Quantum dots are another type
of interesting particles because of their ability to be imaged by fluorescence. Nevertheless, they
have a relative cytotoxicity and need to be coated to improve their uptake and their solubility,
limiting their use.?!>* On the other hand, organic nanoparticles can also be designed. Among
the different structures used to form nanoparticles, dendrimers are branched polymers with a
spherical shape. They can be functionalized on the surface and used as drug carriers.?>2
Liposomes and polymeric vesicles are other interesting drug carriers due to their ability to be
easily tuned. Indeed, their surface can be modified with different functionalities of interest, such
as a targeting molecule. Their surface and shape can also be modified to obtain different
mechanical characteristics to enhance for instance the drug delivery efficacy. Moreover, they
can easily be used for specific drug delivery: they will improve the cellular uptake and the
cytotoxicity of the encapsulated drug will be reduced for healthy cells whereas the drug can be
specifically delivered at the site of interest using different stimuli.'’*”2 Among all those

studied systems!%!129-33

, vesicles such as liposomes have attracted attention since they can
encapsulate a lot of both hydrophilic and hydrophobic compounds, and exhibit long blood
circulation if they are functionnalized.’*> Nevertheless, liposomes, despite having a higher rate
of encapsulation than micelles, keep a high permeability and low stability that cannot be easily
mitigated due to their low chemical versatility. That is why polymeric vesicles, called
polymersomes, have been proposed as they represent an elegant alternative due to their high

chemical versatility induced by the synthesis of the polymeric components.®

Polymer nanoparticles seem to be a good option for specific drug delivery, using
responsiveness to different parameters such as pH, temperature or external fields (magnetic,
light...). Indeed, some polymers have already shown their biocompatibility like poly(ethylene
oxide) (PEO), and biodegradability and biocompatibility like poly(e-caprolactone) (PCL),
poly(lactide) PLA, poly(lactic-co-glycolic acid) (PLGA), .... Various polymeric nanoparticles

are already used for different therapeutic areas and drug delivery.?%2337-39
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1.2 Nanomedicines

Nanomedicine comprises nanomaterials (defined as nano due to their size between 1-
100 nm) that are used in the framework of treatments in medicine. These types of treatment are
emergent for cancer therapy due to their capacity to palliate some issues as the side effects
induced by current treatments, low specificity, rapid clearance, etc. Indeed, nanocarriers allow
to increase the blood residence time, they can encapsulate toxic or poorly soluble molecules to
decrease their side effects, they can be easily modified to have, for example, a targeting
molecule, and so on. Moreover, according to the used molecule or purpose, the drug release can
be induced by an internal or external stimulus. The high panel of actions brought by

nanomedicines is actually an important developing research area.*

In the 1960s, the first generation of controlled release systems has been developed.
Nanoparticles such as liposomes or micelles, encapsulating the treatment, reach the zone of
interest by passive accumulation due to the abnormalities of blood vessels present in tumor
sites. A second generation has been developed in 1980s where nanoparticles were given long
term release. In 2000s, an increase of their drug delivery capacity was obtained with still a
passive targeting principle. Indeed, functionalization of the nanoparticles with, for instance,
poly(ethylene oxide) (PEO) moieties allows to increase the circulation time and to decrease the
uptake by the reticuloendothelial system (RES). In 2010s, researches focused on the third

generation of nanoparticles including the active targeting by the addition of a marker.*!~**

These nanocarriers are composed of an amphiphilic structure, that is to say a molecule
having two different behaviors: hydrophobic and hydrophilic. Lipids are natural amphiphilic
moieties while synthetic counterparts can be designed by synthesizing copolymers. The system,
in aqueous medium, tends to reduce the contact surface of the hydrophobic part with water.
This leads to self-assemblies governed by the hydrophilic-hydrophobic interaction balance,

leading to thermodynamically stable particles, also influenced by their kinetics of formation.



1.2.1 Synthesis of amphiphilic polymers

In the following section, living polymerization reactions will be described. Indeed, these
synthesis methods are preferentially used for several reasons: they lead to chains that growth
simultaneously, giving low molar mass dispersity index, £, and allowing a sequential synthesis
by a polymerization on the chain termination of the first block. This type of reactions allows
thus a better control of the synthesis.***¢ Among this family of polymerizations, we can cite:
(1) ring opening polymerization (ROP), (ii) reversible addition-fragmentation chain transfer

polymerization (RAFT), and (iii) atom transfer reversible polymerization (ATRP).

Ring opening polymerization (ROP) takes place with cyclic monomers that contain
cleavable bonds. This technique allows to add heteroatoms in the backbone. For example, for
the synthesis of polycaprolactone chains from lactone, anionic ROP will be the usual way with
a nucleophilic attack of the initiator on the tight cycle, followed by a propagation induced by
the formed hydroxylate or carboxylate, depending on the way. Due to the stability of the
intermediate species, the carboxylate way is often preferred. (B on Figure 1.1)*7 The ROP

mechanism can be anionic, cationic, organic or radical, depending on the initiator and/or the

catalyst.
o)
o 1 -
— > R-C—(CHp),—O
- Ox
R + ~C—(CHy), —
\_/ 0]
O 1] -
—B> R—(CHy),-C-0

Figure I.1. Reaction ways of anionic ROP on lactone.*’

Reversible addition-fragmentation chain transfer polymerization (RAFT) is a radical
reaction that typically uses thiocarbonylthio molecules as chain transfer agent. It leads to chains
with a narrow distribution and can be used with a large panel of solvents and chemical functions.
This technique is principally used in Polymerization-Induced Self-Assembly (PISA) that will
be described in the following section. It is characterized by the use of a large number of vinyl

monomers with polar side groups, like (meth)acrylates, acrylonitrile, acrylamide, ... and the use
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of a molecule called RAFT agent. The RAFT agent is composed of an activating group, able to
stabilize the intermediate radical and its activity, and a good leaving group to initiate the
propagation of the polymerization. RAFT agents will impact the reactivity of the

polymerization and have to be chosen as a function of the desired final polymers.*#6

Atom transfer radical polymerization (ATRP) is a radical process of polymerization that
uses a transition metal as catalyst, like copper Cu”. It allows to obtain complex polymers with
high molecular weight, and low molar mass dispersity. Basically, ATRP is based on a halogen
species present on the initiator that is transmissible to the growing chain. The monomer is also
able to stabilize the propagation of the chain that is catalyzed by the transition metal complex.

The system uses a redox reaction between the catalyst and the halogen atom on the chain.*®

These reactions allow to form different amphiphilic polymers leading to different types
of bilayers during the self-assembly into vesicles, which can therefore be more complex than
simple micelles. (Figure 1.2) In general, two types of copolymers are designed: diblock (AB)
or triblock (ABC or ABA or BAB) copolymers where A and C are hydrophilic chains and B
hydrophobic chains.*®

AB copolymers ABA copolymers BAB copolymers ABC copolymers

Figure 1.2. Images developed by Lee and Feijen showing the different conformations taken by
amphiphilic copolymers to form vesicles.*®

In the framework of this thesis, we will focus on the AB diblock type copolymers. Indeed,
studies have shown that diblock copolymers lead to self-assembled vesicles allowing more drug
loading (that will be detailed below) and having a higher thermodynamic stability than those

obtained from triblock copolymers concerning micelles.*



1.2.2 Theory of self-assembly with diblock copolymers

In general, self-assembly of diblock copolymers depends on the ratio between the
hydrophilic and hydrophobic parts. The prediction of the resulting nanoparticle structure will
depend on the packing parameter (Pc) that can be defined by the following equation:

P = (Equation I.1)

Aolc

v, volume of the hydrophobic chain; ao, area occupied by the hydrophilic group and ¢, length of the
diblock.

According to the ratio obtained for P, the type of nanostructures can be predicted, as shown in
Figure .3. A P. lower than 0.3 leads to spherical micelles due to the conical shape, between 0.3
and 0.5 rod-like micelles are obtained, that are similar to elongated cylinders, and finally
polymeric vesicles also called polymersomes are obtained with a P. value ranging between 0.5

and 1.°° Indeed, the system tends to a structure which minimizes the total interfacial energy.>!

area a,
- " .
S \ \'\. /
S A
kS volume v - §
v 1 1 v 1 v 1
g . >— 1> >—
‘ 2 al. 3 al, 2

al. 3
Figure 1.3. Predicted structure as a function of the packing parameter.>
Reprinted with permission from Bleul ef al. Techniques To Control

Polymersome Size. Macromolecules 2015, 48 (20), 7396-7409. Copyright
© 2015 American Chemical Society.

While the packing parameter gives a rough idea of the structure, the reality is quite different

with various intermediate structures that can be identified in solution as demonstrated by Mai
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and Eisenberg.’! Indeed, structures such as micelles, lamellae, rods, large compound micelles
and vesicles have been observed in suspension. Usually, the first identified structures are
micelles, which are often used as drug delivery systems. However, they can only encapsulate
hydrophobic drugs as they only have a hydrophobic core. Other structures that can be observed
quite similar to the micelles but with anisotropic, elongated morphology, are the rods or worm-
like micelles. Finally, the most interesting structures that can also be identified consist of a
bilayer membrane formed by the diblock copolymers enclosing an aqueous compartment,
which are called vesicles. In such structures, hydrophilic tails point out to the solution but also
to the core of the vesicles. Due to this particular morphology, vesicles exhibit both hydrophilic
and hydrophobic pockets allowing the encapsulation of either hydrophilic or hydrophobic
drugs. Indeed, hydrophilic drugs can be encapsulated in the hydrophilic core while hydrophobic

drugs can be encapsulated in the hydrophobic bilayer, simultaneously. (Figure 1.4)

Spherical micelles Worm-like Small lamellae Vesicles Large compound

micelles micelles

Figure 1.4. Transmission electron microscopy (TEM) of different nanostructures
composed of polystyrene-block-poly(acrylic acid) (PS-b-PAA) with different
polymerization degrees of each chain.’!

While the relative sizes of the hydrophobic and hydrophilic blocks are important parameters to
determine the resulting nanostructures, the copolymer concentration, water content and nature
of common solvent will also impact their formation. First, the copolymer concentration impacts
the morphology of the aggregates, that can change with the concentration. When the core size
of micelles increases, it leads to a stretching of the chains. Regarding the water content, it also
determines the final structure of the self-assemblies. Indeed, the first added drops of water lead
to the formation of micelles until the critical water content concentration is reached, where the
shape of the aggregates can be modified and lead to other layouts. The size of the aggregates
grows during the increase of water volume to reduce the interfacial energy until a reorganization
of the system at nanometric scale occurs. Common solvent can also lead to modifications in

structuration. Indeed, the solubility parameters of both moieties of the copolymer have to be



Copolymer

similar to have a hydrophobic region perfectly soluble in the solvent. If this parameter differs,
the place occupied by the hydrophobic chain will decrease. This will modify repulsion forces.

(Figure 1.5)°!
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Figure 1.5. Phase diagram as a function of water content for (a) PSs10-b-PAAs2 with, in colored area, the coexistence
between two nanostructures (b) poly(butylene oxide)-block-poly(ethylene oxide) (PBO-b-PEO) according to the
molecular weight identifying the domain of existence of each nanostructure.’!

For instance, Choucair and Eisenberg evidenced the nanostructures of polystyrene-b-
poly(acrylic acid) formed in dioxane by varying the water/dioxane ratio. When the critical water
concentration is reached, the nanoobjects start to form with a water/dioxane ratio between 8-15
% (w/w) for this polymer. After the formation of spheres, addition of water leads first to short
rods, and then to long rods at 14% of water. The switch between one to another structure leads
to the coexistence of different structures during the addition of water. Finally, bigger and bigger
vesicles were obtained due to the supplementary addition of water. They also evidenced the
thermodynamical stability of these structures by measuring their size over a long period of time.
In a second time, they performed the inverse transformation by adding dioxane in their solution
to evidence the reversibility of these systems. This led to a reduction of the water content and
hence a modification of the nanostructures with a switch in the inverse order going from big

vesicles to spheres. (Figure 1.6)°>
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Figure 1.6. Vesicles shape as a function of water/dioxane content for
the copolymer; PS310-b-PAAsz, and the reversible mechanism.’?

1.2.3 Drug delivery

As discussed above, specific drug delivery to cancer cells is beneficial for the treatment
of this disease. Nevertheless, apart from burst release that may occurs in the first minutes after
injection, it is necessary to activate the release by using an endogenous or exogenous stimulus.
Endogenous stimuli are produced by a local modification of the environment such as the pH,
whereas external stimuli are induced by the manipulator. The nanoobjects will reach their
objective by two principal ways: a passive targeting based on the enhanced permeability and
retention effect (EPR) of the tumoral tissue, or an active targeting of cancer cells induced by a
specific functionalization. Once the nanoobjects have reached their objective, the release of
drug and/or dyes can be characterized by different mathematical theories to evidence the kinetic

behavior of the nanoplatform, i.e. the release profile of drug percentage release vs. time.

1.2.3.1 Stimuli-sensitive drug delivery

Endogenous phenomena™?-*

pH responsive polymers having an acid-cleavable function, such as poly(lactic acid)
(PLA) or polycaprolactone (PCL), are able to undergo acid hydrolysis of their ester functions
leading to the degradation of the hydrophobic chain. This phenomenon is possible because the

pH decreases from 7.4 in normal condition, to ~6.5 in tumoral environment. Moreover, after
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internalization in cells, the vesicles can be trapped by the endosomes, and end up in lysosomes
which also possess an acid pH of 5.0-5.5 and 4.0-4.5, respectively. The degradation of the
hydrophobic chains occurring in vesicle membranes leads to a shape transition into micelles.
This transition can be explained by an increase in the hydrophilic fraction, fhydrophitic, causing a
modification of the molecular structure, from cylindrical to conical. The micelles are afterwards
decomposed or destabilized. Ahmed et al. evidenced the destruction of polymersomes made of
PEO-b-PLA. Figure 1.7 evidences the modification over time of the obtained vesicles using
Cryo-TEM. First, there is formation of pores rapidly followed by the destruction of the

nanostructure leading to the formation of micelles and rods.>

feo ~25 -40% feo ~40 -50% feo >50%

PEO- PLA end-
hydrolysis
PLA

-

Figure 1.7. Cryo-TEM of PEO-PLA vesicles during their transformation into micelles and
rods induced by a modification of pH.*

() (iii)

Redox potential inside and outside cells are different as well as in certain tumor tissues.
The most endogenous reducting agent is the glutathione enzyme (GSH) that is present at a
concentration of 2-20 uM out of the cells and up to 10 mM inside cells. In this type of reactions,
disulfide bonds are the principal breakable links in reductive condition. This phenomenon leads
to a disassembly of the nanocarriers. These disulfide bonds are obtained during the synthesis of
copolymers and can take place for example between hydrophobic and hydrophilic chains. To
illustrate this phenomenon, Zou et al. developed polymersomes loaded with doxorubicin based
on cyclic peptide (cNGQ) grafted to poly(ethylene glycol)-b-poly(trimethylene carbonate-co-
dithiolane trimethylene carbonate) (PEG-b-P(TMC-DTC)). DTC moieties possess the disulfide
bond able to be reduced by the GSH. The polymersomes resulting of a self-assembly between
PEG-b-P(TMC-DTC) and cNGQ-PEG-b-P(TMC-DTC) (8:2, w/w) show specific targeting of

11
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lung orthotopic cancer models, and exhibit low toxicity, high selectivity with high accumulation
and a fast drug release. They evidenced that in reductive conditions, a release of doxorubicin
upper than 80% occurred within 24 h instead of 16% within 24 h in non-reductive conditions.

They also evidenced the stability of the nanoparticles in normal physiological conditions.33-*36
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Figure 1.8. Synthesis of self-assembled polymersomes based on PEG-P(TMC-DTC) and ¢cNGQ- PEG-
P(TMC-DTC), loaded with doxorubicin. Endocytosis is induced by in vivo targeting followed by reduction
of S-S bonds by GSH, leading to release of doxorubicin.’® Reprinted with permission from Xie et al.
Polymeric Hybrid Nanomicelles for Cancer Theranostics: An Efficient and Precise Anticancer Strategy for
the Codelivery of Doxorubicin/MiR-34a and Magnetic Resonance Imaging. ACS Appl. Mater. Interfaces
2019, 11 (47), 43865—43878. Copyright © 2019 American Chemical Society.

Enzymes are involved in a lot of biological processes with a high specificity and catalytic
properties. Copolymers that are able to be selectively recognized by enzymes are developed.
Copolymers are then degraded by enzymes or their reversible interaction with the enzymes
leads to a switch between assembly and disassembly of the nanocarriers. Interestingly, tumoral
systems possess specific enzymes, allowing the development of drug carriers having specific
interactions only with those enzymes. For instance, micelles made with cholesterol-PLGVRK-
PEG, where PLGVRK is a responsive peptide linker to matrix metalloproteinase — 2 (MMP-2)
overexpressed in tumor cells were developed by Barve et al.. These micelles bearing a target
moiety and encapsulating the drug cabazitaxel were able to specifically deliver the drug at the

tumor site.>3->437
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Temperature can be modified by an endogenous phenomenon or an exogenous stimulus.
Indeed, a modification of the temperature can occur following an inflammation, a tumor or an
infection. An external stimulus can also be applied to increase temperature in area of interest
which is called hyperthermia. In the case of drug delivery, the most used polymer is the poly(N-
isopropylacrylamide) (PNIPAM) because its lower critical solution temperature (LCST) is
around 32°C (This temperature can be tuned by modifying the structure). Indeed, below the
LCST, the polymer is soluble in water while above the LCST, the polymer becomes insoluble.

This assembly/disassembly structure allows drug release as a function of temperature. >3-4

Exogenous phenomena™->*

Magnetic field responsive nanocarriers are usually obtained by encapsulation of
superparamagnetic iron oxide nanoparticles (SPIONs) in polymeric vesicles. This versatile
system allows a precise diagnosis by magnetic resonance imaging (MRI) and treatment of the
pathology thanks to magnetic hyperthermia (MH). With an alternating magnetic field (AMF),
it is possible to increase the temperature in the accumulation site of the SPIONs due to the
thermal losses associated with the reorientation of their magnetic moments. This local heating
can increase the permeability of the nanocarrier and induce increased drug release. Moreover,
the increased temperature can also act also as a treatment by killing cancer cells. Based on all
possibilities brought by using this type of system, Khlaledian et al. developed PLA-PEG-FA
(FA = folic acid) as targeted polymersomes loaded with SPIONs and doxorubicin to perform
hyperthermia and chemotherapy conjointly. This bimodal system is able to release around 90%
of encapsulated doxorubicin and to increase the temperature to 44.2°C, with a higher number

of apoptotic cells compared to the results obtained with free doxorubicin. >34

Ultrasound application (at a higher intensity of the acoustic wave than in echography)
leads to two types of effect: a localized increase of the temperature or a cavitation in the
nanostructure inducing the drug release. Moreover, ultrasound favors the cellular uptake by
inducing an increase of the membrane permeability. Indeed, ultrasound leads to the formation

of bubbles in the membranes, which explains the cavitation and increase of permeability.>>>*
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Light as visible, ultraviolet or near infrared can induce the disruption of specific bonds
present in the copolymer. Usually, the near infrared range of wavelength is preferred to avoid
tissue absorption and allow deeper penetration. Azobenzene, spirobenzopyran or nitrobenzyl
groups are known to be cleavable under light exposure, allowing drug delivery. Light can also
induce photothermal effect, produced by the presence of compound responding to light. Such
thermosensitive polymersomes could thus allow drug delivery. It is also possible to induce
release by photo-oxidation which is allowed in this case by the presence of compounds
responding to light and able to promote radicals.>*>*>° Using light allows to couple different
strategies of treatment as demonstrated by Saravanakumar et al. Indeed, they developed
polymersomes composed of poly(ethylene oxide)-poly(/S-aminoacrylate)-poly(ethylene oxide)
triblock where the f~aminoacrylate units can be cleaved by reactive oxygen species (ROS). The
polymersomes were co-loaded with doxorubicin for chemotherapy, and with IR-780, which
will generate ROS under laser irradiation, able to perform photodynamic therapy (PDT) and
photothermal therapy (PTT), and to cleave f~aminoacrylate destructing the polymersomes and
releasing the drug. These photo-chemotherapy loaded polymersomes exhibited an excellent

antitumor effect both in vitro and in vivo. (Figure 1.9)%°
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Figure 1.9. Formation of polymersomes developed by Saravanakumar et al. followed by their uptake in cancer
cells and their mechanism of action under laser irradiation.*
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Of course, all these stimuli can be combined in multimodal systems having 2 or more types of

response.

1.2.3.2 Permeability of the membrane

Another important parameter in drug delivery is the permeability of the membrane.
Indeed, this parameter impacts the capacity of the drug to pass through the membrane. A high
permeability of the system can lead to an undesired premature drug release. This parameter
depends on the membrane thickness, on the glass transition temperature of the copolymer,
determining the mobility of the chains, and on the proportion of hydrophilic/hydrophobic
chains.! The crystallinity of the copolymer also impacts the release. An amorphous copolymer
leads to a higher permeability than a semi-crystalline structure due to the higher flexibility of
the amorphous chains. This was observed for vesicles based on PCL, which possess a melting
temperature around 50°C.%? The drug used (in term of size, charge, solubility and partition
coefficient between apolar and polar phases) also has an impact on the predetermination of the

drug capacity to pass through the hydrophobic or hydrophilic domains of the membrane.*!-¢3

1.2.3.3 Drug delivery laws

Due to the several drug delivery nanocarrier types, many mathematical models were
developed to fit with the studied systems. (Figure 1.10) Those models allow to fit the obtained
data in term of drug delivery and to predict the behavior of the nanocarriers. It allows to exhibit
the needed drug concentration to maintain in bloodstream, to control the release rate and the
time needed to release the dose, i.e. all the parameters of pharmacokinetics (blood half-life,
area-under-the curve, ...). This release occurs according to different phenomena as diffusion,
erosion, absorption and degradation.®*® In the following section, Fick’s model based on a
simple diffusion and the two most used models respectively of Peppas and Higuchi will be

discussed.
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Figure 1.10. Proportion of the different mathematical models
used to describe drug delivery system release profiles.®

Fick’s model is based on the linear diffusion of the drug over time, giving first order kinetics:%*

aMm(t) _ ADK(MO—M(t))
at LV

(Equation 1.2)

Where M(t), is the quantity of drug released at time t; Mo, the initial drug mass; V, the total deposition
volume of the drug; 4, the total surface area of nanocarrier; L, the thickness of the membrane; D, the

diffusion coefficient of the drug.

The integration of this first order kinetics equation gives an exponential law (i.e. logarithm of
release decreases linearly with time), which is not obtained in all cases. Therefore, other
mathematical models were proposed. The Higuchi’s model was developed for planar structures
and can be adapted for spheres. It is based on a drug release law increasing linearly with the

square root of time:%*

1‘14;:: = Kyt (Equation 1.3)

Where M(t)/M,, the drug release fraction per unit surface area; Ky, the Higushi’s constant depending

on diffusion, tortuosity, concentration and porosity coefficients of the releasing matrix; ¢, the time.

Nevertheless, this model is limited. Indeed, the concentration in drug has to be larger than the
solubility of the drug in the medium and the diffusion has to be unidirectional and constant.5*
Initially introduced for hydrogels, Peppas’s model is based on a power law of exponent n

describing the release, which is not obligatory a square root (n=1/2): 64

? =K t" (Equation 1.4)
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Where M(%), is the drug released at time t; M, the final amount of drug released; K, a constant depending
on the nanocarrier shape and geometry (cylinder, parallelepiped slab...); ¢, the time and », an exponent

depending on the release mechanism (obtained experimentally by the slope in a log-log representation).

Figure 1.11 exhibits typical in vitro release profiles obtained for nanocarriers corresponding to

one of the three mathematical models discussed above.%®

HIGUCHI MODEL

FIRST ORDER w 100
3 ;‘-é 80 -
60 °
E P
¥ 40 £ 240
© S -
S 20 E 20
% :
g o . ‘ ., 9 0 J
0 2 4 6 0 5 10
Time in hours Square root of time in hours
g 100 KORSMEYER-PEPPAS MODEL
oo
2 50
T
k]
X
oo
S o

4 6 8 10
Log time in hours

o
N

Figure 1.11. Typical fitting obtained according to the used mathematical models.*

It is also important to keep in mind that a phenomenon called “burst release” can occur during
the first minutes of release tests. This phenomenon can take place when the membrane is
saturated in drug, leading to a high and rapid release. It happens also when the drug has a certain
affinity for the membrane of the nanocarrier. It thus depends on the membrane thickness and
the mobility of the drug in the layer. The opposite phenomenon is the “lag-time” that is induced
by a totally drug-free layer. Drug will therefore need more time to pass through the layer and

induce the UV-vis or chromatographic signal increase of the detection system. (Figure 1.12) 7

17



Chapter I: State of the art

M,/M,

Burst effect

Lag-time effect

Time
Figure I.12. Graphical representation of burst and lag-time
effects derived from Siepmann et al..®’

Those delivery mathematical laws can be applied to polymeric nanoparticles. To
exemplify the type of results obtained after cumulative release assays, Brandt et al. developed
micelles composed of PEG-b-PCL encapsulating methotrexate to evidence if the folic acid (FA)
grafted onto the surface could influence its release. The cumulative release was performed in
PBS 0.01M at 37°C to compare the release in presence or not of FA. The results were then
plotted in a logarithmic scale and fitted with Peppas’ model. FA-PEGMA-b-PCL exhibits a
maximum release of 55% after 30 h while MPEG-b-PCL exhibits a maximum release of 42%
after 80 h. This evidences that the release behavior is modified by the presence of FA. The
release exponent (n) and the kinetic factor (K) extracted from the fitting of FA-PEGMA-b-PCL
and MPEG-b-PCL give 0.57/0.243 and 0.75/0.0150 (n/K) respectively. The obtained n value
for FA-PEGMA-b-PCL and MPEG-b-PCL allows to affirm that the behavior is non-Fickian in
the fitting region (n>1/2). This non-Fickian behavior evidences that the delivery is not due to

the diffusion of the methotrexate but rather to a relaxation and/or degradation of PCL chains.®®
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Figure I.13. Cumulative release assays for MPEG-5-PCL and FA-PEGMA-b-PCL (A) and their relative results with
Peppas’ mathematical model (B).%

In the previous sections, the different phenomena involved for drug delivery in vivo have been
described and it is now necessary to understand how to guide the nanocarriers to the target,
allowing specific drug delivery to the area of interest. The following section will therefore be

dedicated to the description of the different possibilities for passive and active targeting.

1.2.3.4 Passive and active targeting

Passive targeting takes place thanks to enhanced permeability and retention (EPR)
effect. This effect is based on the abnormalities that appear in the tumor microenvironment.
Indeed, tumors exhibit poor lymphatic drainage and vessels with a higher permeability than
healthy vessels. These two points allow an accumulation of the nanostructures in the tumor site.
Nevertheless, nanoparticles used in passive targeting have to stay in the bloodstream enough

time to allow accumulation before opsonization, first step of their elimination by the RES %940

Active targeting is made possible thanks to the covalent grafting of a peptide, antibody
fragment, sugar... or other type of moiety. This ligand will have a high affinity for a receptor
present in the area of interest or at the surface of cancer cells allowing nanoparticles recognition
and uptake. Moreover, the addition of a targeting ligand increases the specificity for tumor cells

and thus further decreases the risk to reach healthy cells. (Figure 1.14) 8940
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Figure 1.14. Biodistribution of (a) drug, (b) nanocarriers by EPR effect, (c) nanocarriers with a targeting moiety.’
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Nevertheless, each targeting method possess its advantages and disadvantages. Indeed, passive
targeting isn’t possible for all type of tumors because the microenvironment is different. The
passivity of nanostructure can lead to accumulation in liver and spleen during the elimination
way.** Moreover, high quantities of drug/nanocarrier have to be used to ensure a sufficient
accumulation. On the other hand, active targeting needs modification of the copolymer to
covalently bind a ligand. Those ligands, as peptides for example, can be expensive and are not

valid for all tumors.

In the following section, we will focus on pH sensitive structures and more particularly
on polyester moieties. Indeed, the development of polymeric nanocarriers is widespread around
the world and, taking into account the versatile tunability of polymers, it leads each year to a
very high number of publications. For example, if we search on SciFinder-n articles with the

bh 13

following keywords: “polymerics”, “nanostructures” and “cancer”, Sci-Finder exhibits 10k
publications only during the year 2021.%° Regarding this information, in the framework of this

thesis, we will principally focus on polyester-based nanostructures.

It is important to note that polyester moieties as PLA and PCL have shown their
biocompatibility. Indeed, PLA forms lactic acid over time during the degradation process,
which is finally extracted from the body, as CO: or glucose and glycogen. PCL is eliminated
by two principal ways: it is generating hydroxycaproic acid which is eliminated by the kidneys,
and CO> which is exhalated.”®*® The chemistry of the surface will also impact the way of
elimination.”’* If non-degraded polymeric vesicles are reaching the blood stream, the NPs can

use different ways of elimination in terms of surface, size and charge principally. The principal
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way of elimination is the liver by the Kupffer cells and the macrophages, which are part of the

reticuloendothelial system (RES).*®

1.3 Nanocarriers

1.3.1 Micelles

Micelles play a role of scavenger for hydrophobic drugs in the core of their
nanostructure. Their formulations can differ in size and shape leading to formation of micelles
from 10 to 100 nm. The circulation time in the bloodstream is due to the type of corona, that’s
to say the hydrophilic part of the diblock. In general, PEG moieties are used for hydrophilic
corona. Thanks to their size and circulation time, these structures are good candidates for anti-
cancer drug delivery. Micelles are formed in solution, when the critical micellar concentration
(CMQ) is reached in solution. For polymerics micelles, the CMC is usually low (10 to 107 M)
leading to stable nanostructures which keep this assembly in vivo.**"’>7* This type of structure

was the first used in 1984 to perform drug delivery with an anti-cancer drug.*’

Based on PEG-1,2-bis(2-hydroxyethylthio) ethylene-PLA (PEG-BHETE-PLA), Dariva
et al. determined a CMC of 2.63x10-2g/L which increases to 5.57x1072 g/L in the presence of
Nile red. The particularity of those nanostructures is the presence of BHETE links that are
breakable with ROS species induced by irradiation of encapsulated Chlorine e6 (Ce6). The
authors demonstrate a release of the co-encapsulated doxorubicin under light irradiation
depending on the M, of PLA chains: PLAx exhibited the same release profile than control
(control was performed without light irradiation) whereas of PLAsk evidenced a significant

difference in the release profile. (Figure 1.15)"
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Drug release r\/lr \3

Figure I.15. Representation of the system developed by Dariva ef al. based on PEG-BHETE-PLA encapsulating
Ce6 and doxorubicin for which ROS species induced by NIR irradiation can break BHETE links.”

As discussed previously, the chemical modification of polymers leading to the
formation of micelles by self-assembly allows an active targeting. For instance, Hu et al.
developed micelles, based on MPEG-PCL, containing a curcumin treatment to treat colorectal
cancers. They modified the copolymer by grafting folate which has a high affinity for FA
receptors present on tumor cell surface. Their resulting micelles have a size of 30.5 £ 0.65 nm
with a PDI of 0.17. The resulting curcumin concentration in plasma evidences the interest of its
encapsulation in micelles since its concentration became higher over time than that of free
curcumin. Results also evidenced an increased therapeutic effect compared to free curcumin,

with a decrease in tumor proliferation.”

Nevertheless, due to their size, micelles are not able to encapsulate high amounts of drug

and lead to a fast release that can occur before reaching the target.”

1.3.2 Polymersomes

To palliate to micelles issues, polymeric vesicles (i.e. polymersomes) were developed.
Their synthetic way allows to tune a lot of parameters as the type of stimuli responsiveness, the
thickness of the membrane, the permeability, the size, etc. This gives access to a very wide
applications panel. Moreover, these structures have proved their stability and a long blood

circulation time by the introduction of specific polymers, such as PEG moiety. These structures
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have the capacity to encapsulate a lot of hydrophobic drugs in their hydrophobic bilayer and
hydrophilic drugs in their hydrophilic core highlighting their high versatility.

The formation of polymersomes takes place according to two supposed mechanisms. Both
mechanisms start with the formation of micelles induced by the presence of amphiphilic
moieties in solution. The first mechanism represents an expansion of micelles, leading first to
the formation of a growing bilayer, and finally to the formation of vesicles induced by the
surface tension. The second mechanism leads to vesicles by the fusion of growing micelles
induced by the recombination of the domains with the same affinity for the medium. The

preferred mechanism will depend on the polymer and solvent properties. (Figure 1.16)*°

Yo T Formation of
phip spherical Growth Polymersomes
unimers "
micelles

/ Mechanism 1

Figure 1.16. Two mechanisms leading to the formation of polymersomes.*® Reprinted with permission from Bleul
et al. Techniques To Control Polymersome Size. Macromolecules 2015, 48 (20), 7396—7409. Copyright © 2015
American Chemical Society.

Different methods can be used to form polymersomes that will be described in the following

section. There are basically two types of techniques: solvent-free and solvent-assisted methods.

Nanoprecipitation is a technique introduced 25 years ago in pharmaceutical sciences,
that can be easily scaled up.’® It consists in solubilization under stirring of the copolymer in an

organic solvent that is miscible to the aqueous media. This method is similar to a solvent switch
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since the organic solvent, the initial major constituent of the solution, will become the minor
constituent after addition of the aqueous medium. If a drug needs to be encapsulated, it is placed
in the organic phase or in the aqueous medium, depending on its polarity. The organic phase
can then be eliminated with different techniques as natural evaporation, dialysis, or evaporation
under reduced pressure. A lot of parameters will modify the size of the polymersomes or the
drug encapsulation rate such as the ratio between the two solvents, the polymer concentration,
the stirring rate, the drug concentration, the flow rate, etc.*':”7 Adams er al. determined the
degree of polymerization (DP) needed for PEO and PCL to lead to the formation of vesicles :
using different DP values of both chains, they showed that fhydrophiic needs to be in the 15-23%
range. To form the nanostructures, they added water at different rates in a solution of 10 mg/mL
in copolymer solubilized in THF. Formation of vesicles takes place by the same steps than those
evidenced by Choucair and Eisenberg (PS-5-PAA).”® When the addition of water is started, the
micelle formation first comes from a supersaturation of the chains in the non-solvent domain
during its addition. This thermodynamical instability is then compensated by the solute
molecule association called nucleation. Nucleation takes place until the system passes below
the critical supersaturation concentration. The step of nucleation is then followed by the
addition on nuclei of other molecules leading to the growth of the nuclei. This step is called
condensation. This phenomenon takes place until the concentration in solute becomes below
the equilibrium saturation concentration. Finally, coagulation occurs between different nuclei
that aggregate to form the nanostructures. (Figure 1.17)” This mechanism is not only putative,
as more and more studies are published on the deciphering of the polymersome formation steps,

in particular using environmental electron microscopy technique.?
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Figure 1.17. Schematic way to obtain vesicles by nanoprecipitation in the presence of a non-solvent.”
Thin film rehydration technique basically starts by the formation of a film on a round
bottom flask walls after the solubilization of the copolymer in a volatile organic solvent which

is eliminated under reduced pressure. This film is then rehydrated by an aqueous medium.*>"’

Rehydration under stirring induces swelling of the film followed by the budding of
nanostructures. Nevertheless, this technique leads to the formation of “onion-like” (i.e. multi-
lamellar) structures exhibiting a broad distribution of sizes. It can be used for the formation of

either such multilayered vesicles or of small unilamellar vesicles (SUV), after sonication.®
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Figure 1.18. Formation of polymersomes following the thin film rehydration method.>®
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Sui et al. evidenced the differences in the obtained nanostructures using the same
copolymer with the two different preparation methods, nanoprecipitation and thin film
rehydration. They evidenced that, with the thin film, polymersomes could only be obtained with
a hydrophilic fraction of the copolymer of 19%. A higher fhydrophitic Of 32% leads to micelles.®!

100 nm

Figure 1.19. Cryo-TEM of self-assembly
nanostructure  using  different  techniques:
nanoprecipitation (a) PEG-2x-b-PCL43x (b) PEGax-
b-PCLs sk and thin film (¢) PEG-2k-b-PCL43k (d)
PEGak-b-PCLs 5.8

Polymerization induced self-assembly (PISA) is based on a direct polymerization of the
soluble chain in the solvent followed by the copolymerization of the insoluble chain, leading to
a simultaneous formation of nanostructures. In most cases, RAFT polymerization is used to
form the copolymer. The DP will increase until reaching the CMC leading to the formation of
the nanostructures. Their morphology will depend on DP of both chains. For instance, with
poly(glycerol monomethacrylate)-block-poly(2-hydroxypropyl methacrylate) (PGMA-b-
PHPMA) where PGMA is the soluble chain in aqueous media, Blanazs et al. evidenced the DP
of both chains needed to reach the desired nanostructure (Figure 1.20 (b)) and the fact that
polymer concentration in solution also impact the nanostructuration. (Figure 1.20 (c))
Moreover, contrarily to the other techniques, this method can be performed at high polymer

concentration, which can impact the structure of the nanoplatforms. (Figure 1.20)%-46-82.83
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Figure 1.20. (a) structure of the PGMA-b-PHPMA and phase diagram of PGMA-b-PHPMA leading to the
formation of sphere (S), worms (W) or (vesicles) (b) as a function of the DP of both chains or (c) PHPMA DP as
a function of the polymer concentration in solution.?? Reprinted with permission from Blanazs et al. Predictive
Phase Diagrams for RAFT Aqueous Dispersion Polymerization: Effect of Block Copolymer Composition,
Molecular Weight, and Copolymer Concentration. Macromolecules 2012, 45 (12), 5099-5107. Copyright 2012
American Chemical Society.

Microfluidic devices are based on 2 pumps controlling either the flow rate (syringe-
pump) or the pressure (air pump, pressurizing a vial) that delivers on the one side the organic
phase solubilizing the copolymer and on the other side the aqueous medium. (Figure 1.21) The
principle consists in controlling exactly (in a reproducible manner) the mixing time necessary
to reach homogeneous mixture of the two solutions, determined by the total flow rate and by
the dimensions of the channel. Another type of chip enables formation of a double emulsion:
The first emulsion produced by the first injection is reinjected in a second tube with a second
water channel leading to the formation of the double emulsion. This method allows to
encapsulate hydrophobic, hydrophilic or both types of drugs.*>-7”-8¢ This technique takes place
in chips which are different as a function of the desired application, for example to produce
either micelles or vesicles in a continuous flow. As explained and demonstrated by Lebleu et
al. microfluidics is a powerful technique to control the size of both types of nanostructures with
a low size dispersity. They used poly(ethylene glycol)-b-poly(trimethylene carbonate) (PEG-b-
PTMC) where they varied the length of the PTMC chains to tune the membrane thickness. Their

controlled nanoprecipitation by microfluidic device evidenced that the resulting structures are
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depending on the hydrophilic fraction, the best yield in vesicles being found with /= 17%. In
this device, the size is controlled by modifying different parameters such as total flow rate, ratio
of water to solvent flow rates, and copolymer concentration, and they found the best parameters

to obtain monodisperse samples with a size of dy ~ 100 nm (hydrodynamic diameter).%

0Oil Water

(Middle fluid) (Outer fuid)
r——
= Outlet
Water
Inlet :
(Innerfluid) o

Figure .21. Co-axial flow microfluidic device leading to the
formation of vesicles through double-emulsion formation.®

Other alternative techniques as direct hydration, electroformation and emulsion can also
be used. Briefly, direct hydration consists in a direct addition of the aqueous medium on the
copolymer. Electroformation is also a free organic solvent method where the polymer is
deposited on an electrode followed by the application of an alternating voltage in the aqueous
medium leading to the formation of vesicles. Finally, emulsion is governed by the addition of
drops of non-miscible organic solution of the copolymer (in e.g. in toluene or mineral oil) into
an aqueous medium until a water-in-oil-in-water emulsion is obtained, before adding it on top
of another aqueous phase, with the appropriate amphiphilic copolymer (usually PBut-5-PEO).
The crossing of the interface by the W/O leads to the formation of a double emulsion W/O/W,
which eventually forms vesicles when the solvent is eliminated by evaporation or another mean,

although this final step can sometimes be tricky.*77-86

1.3.3 Characterization techniques

First, the constituting copolymer needs to be characterized by well-known molecular
techniques such as NMR and mass spectroscopies, size exclusion chromatography (SEC) with
either polystyrene calibration or with absolute determination of the molar mass, using multi-
angle light scattering (MALS) detection (please note that for the MALS analysis, even simple
copolymers need to determine beforehand the refractive index increment dn/dc, as it differs

from the one of each block). To evidence the crystallinity rate and melting temperature of the
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copolymer that could impact their self-assembly and the diffusion of drug as discussed above,
thermal characterizations can be performed such as thermogravimetry analysis (TGA) and

differential scanning calorimetry (DSC).

Then the resulting nanoobjects can first be characterized by light scattering techniques.
The basic lab tool used to determine the size of self-assembled nanoobjects in suspension is
dynamic light scattering (DLS), giving access to the diffusion coefficient allowing to extract
the hydrodynamic radius (Ry) based on Stokes-Einstein equation. Combined to the static light
scattering (SLS) that gives access to the gyration radius (Rg), the shape ratio Ry/Rn can be
extracted, giving indications on the nanostructure morphology (spheres, cylinders, vesicles...).
Nevertheless, this technique necessitates a monodisperse sample to have access to the correct
ratio. Indeed, a ratio of 1 highlights formation of vesicles whereas micelles have a ratio of 0.775.
The second more common technique is based on X-rays interaction with the dispersed matter.
Small angle X-rays scattering (SAXS) will give access to the size of the nanostructure and the
thickness of the membrane of the polymersomes. More precisely, a highly collimated (i.e.
parallel) and monochromatic X-rays beam is shined through the sample, and the scattering
pattern (i.e. the deviated flux of photons) is collected by a CCD camera, located at long distance
(usually around ~2-3 m) of the sample, therefore at a small angle compared to the direct beam.
The intensity in the “Fourier space” can be angularly averaged and plotted versus the scattering
vector, ¢ (in A™' units). Each point of the curve of scattering intensity /(g) corresponds to a
probed length scale d~m/q, typically in the range from 1 to 500 A. The information on the spatial
features of the particles (e.g. the shell thickness) can be extracted based on different models
which calculate the “form factor” P(gq) of simple geometric shapes (spheres, rods, shells...).
Small angle neutron scattering (SANS), which allows to evidence the conformation of chains
and the membrane thickness is based on the same principle than SAXS. The main difference is
that in this case a neutron beam is used instead of X-rays, resulting in a different contrast: in
SAXS, it is determined by the number of electrons in the atoms constituting the scattering
molecules, whereas in SANS it results from the composition of nuclei (carbon, hydrogen,
deuterium, oxygen...), in both cases by comparison with the solvent. Therefore in SANS one
can use different mixtures of H>O and DO to adjust the contrast on either the hydrophilic or
the hydrophobic block, whereas SAXS “sees” the globality of the copolymer chains. Another
tool particularly relevant to study polydisperse samples is asymmetric flow field flow
fractionation (AF4) combined to MALS detector. This chromatographic technique does not use

any stationary phase, as it is based on natural separation of different populations of particles
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moving in a laminar flow of eluant having a parabolic flow, crossed by a perpendicular flow.
The detection by MALS at the end of the flow cell gives access to R, and Ry of the fractions,
which have been separated according to their hydrodynamic size, hence they are monodisperse.
Further, microscopy techniques can also be used as transmission electron microscopy (TEM).
This technique is based on the transmission of electrons coming from an electron beam trough
the matter, therefore it is limited to very thin samples (less than 100 nm). In practice, the
suspension if deposited onto a thin carbon layer (around 10 nm thick) covering square holes of
a copper grid. However, this technique requires in general the staining of the specimen to
increase the contrast of the organic polymer due to the need of heavy elements to interact with
electrons. Moreover, an electron microscope needs high vacuum conditions incompatible with
solvent, which usually leads to the deformation of nanoobjects and other drying artifacts. To
palliate to these issues, cryo-TEM is based on the same technique but in aqueous medium where
a thin layer of the sample (also ~100 nm) on the grid is vitrified to avoid the presence of ice
crystals. Another microscopy technique is atomic force microscopy (AFM), which is basically
based on an atom-sized tip that either stays at constant height above the sample (contact mode)
or hits the sample periodically (tapping mode). Measuring a laser deflection of the cantilever
while scanning the tip over the sample leads to surface cartography and can also give access to

the rigidity (Young’s modulus) of the nanoobjects (from the analysis of the phase signal).

Finally, drug delivery systems (DDS) are characterized by the drug loading content
(DLC) that represents the mass of drug divided by the total mass of the system (drug + carrier)
and the drug encapsulation efficiency (DEE) that represents the fraction mass of drug retained
relatively to the mass engaged at the beginning of the formulation step. After that, the law
followed by the system to release drug and/or dyes can be determined by cumulative release
assays in a continuous flow under different conditions as temperature, pH, and so on, whereby

drug/dyes release can be followed for example by UV-Vis or HPLC (for non-absorbing drugs).
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Figure 1.22. Representative diagram for the system characterization. NMR: nucleic magnetic resonance; MS: mass
spectrometry; SEC: size exclusion chromatography; MALS: multi-angle light scattering; TGA: thermogravimetric
analysis; DSC: differential scanning calorimetry; DLS: dynamic light scattering; SAXS: small angle x-rays
scattering; SANS: small angle neutron scattering; TEM/Cryo-TEM: transmission electron microscopy; AFM:
Atomic force microscopy; AF4: asymmetric flow field flow fractionation; DLC: drug loading content; EE:
encapsulation efficiency. Inspirated from Behl ef al..%

1.4 Theranostic nanocarriers in cancer treatments

An emerging tool arising in the nanoparticles field is the theranostic nanocarrier system.
This allows to merge diagnosis and treatment in the same object. Indeed, the tunability of
nanocarriers makes them good candidates to be functionalized for both drug delivery and
imaging. Theranostic allows to perform guided drug delivery, to evidence the drug delivery
induced by internal stimuli, to evaluate the efficiency on tumor treatment, the clearance of the

nanostructures, or the morphological and biochemical structure of the targeted tissues.?”-3

The next section describes the different imaging techniques that can be used for theranostic,

illustrated with different examples.
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1.4.1 Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a powerful non-invasive bio-imaging technique
daily used in the medical field due to its high spatial resolution. MRI is essentially based on
water protons nuclear magnetic resonance, due to its high abundance in the body, but also in
other components of tissues (fats, proteins...). Nuclei can be associated to a microscopic

magnet, and can be described and quantified by the magnetic dipolar moment (ii):
= hyl (Equation 1.5)
h, Plank constant; y , gyromagnetic factor of the nucleus; I , nuclear spin

Once an external magnetic field, Bo, is applied, all magnetic dipolar moments get a precession

motion (i.e. a rotation around its axis) at the so-called Larmor frequency (w,) defined as:

Vo = == B, (Equation 1.6)

2m
(i.e. at angular frequency: wy = y B, (rad/s), where w, = 2 m vy)

with By, magnetic field strength.

This results from the interaction of By with the nuclear magnetic moment, ji , which
causes the splitting in two energy levels of the proton spin states. The lower energy level
corresponds to spins parallel to the magnetic field (spins up), whereas the higher energy level

corresponds to spins anti-parallel to the magnetic field (spins down). (Figure 1.23)
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Figure 1.23. Orientation of spins up and down after the application of a static magnetic
field (Buo).
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This slight unbalance between spin populations up and down results in a net
magnetization called macroscopic magnetization (1\7 0), having the same orientation than By (that
will be set along the Z axis). An NMR experience consists in tilting My away from the Z axis
due to the application of a perpendicular oscillating electromagnetic field (B1) (radiofrequency
pulse), inducing precession around the perpendicular axis at the angular velocity w; = y B;.
After having switched off Bi, the return to equilibrium occurs according to two mechanisms:
longitudinal relaxation (characteristic time 771) and transversal relaxation (characteristic time
13). T1, also called spin-lattice relaxation time, reflects the equilibrium return of the longitudinal
magnetization Mz, and corresponds to the time needed for Mz to reach 1-e'~2/3 of its
equilibrium value after a 90° RF pulse. 7>, also called, spin-spin relaxation, represents the loss

of coherence in the XY plan. It describes the time needed for Mxy to lose e'~2/3 of its initial

value. (Figure 1.24)

(90° Pulse),

y

Figure 1.24. Spins that are in precession movement around the z and -z axes show unbalance of their population
respectively up and down, resulting in a net magnetization called macroscopic magnetization, Mo. A 90° RF pulse
applied on the x axis (B1 along the x axis) tilts the magnetization towards the y axis. The return to equilibrium of
the population of spins then occurs according to longitudinal and transverse relaxation, characterized by 71 and 72
relaxation times, respectively.

To obtain MR images, the first step is to select the slice of interest according to sagittal,
axial or coronal slices depending on the x, z or y axis, respectively. The slice is selected by

applying a linear magnetic field gradient simultaneously to a selective RF pulse to excite the
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spins. (Figure 1.25). The spatial encoding of the spins in the selected slice is performed by using
two different gradients. The x gradient, as frequency encoding, is applied simultaneously to the
registering of the signal, allowing to encode the spins position along the x axis directly in the
free induction decay (FID) signal. The y gradient, as phase encoding, is applied after the RF
pulse and allows to encode the position of the spins along the y axes as a phase shift of the

magnetization vectors. (Figure 1.26) This encoding then allows to reconstruct the images.
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Figure 1.25. Excitation of a slice in the static magnetic field Bo induced by a RF pulse applied simultaneously
1.%

with a Gz magnetic field gradient. Inspired from Roth ef a
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Figure 1.26. Phase encoding of the spins by Gy
magnetic field gradient along y axis and frequency
encoding by Gx magnetic field gradient along x axis.
Inspired from Roth et al.%
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However, due to the low sensitivity of MRI, the natural contrast is not always sufficient,
so that contrast agents (CAs) must be used. Those contrast agents will decrease the water proton
relaxation times and can be divided in two categories: paramagnetic or 77 or “positive CAs”
and superparamagnetic or 7> or “negative CAs”. The 7> agents, mainly based on
superparamagnetic iron oxide nanoparticles (SPIONSs), preferentially decrease the 7> relaxation
time of the water protons, inducing a darkening of the area of accumulation on the images. For
this reason, they are nowadays not used anymore by radiologists but are still the object of many
research studies around the world. The development of very small iron oxides nanoparticles
(VSIONSs) is promising as they could be used as 7 agents. 71 CAs decrease the 71 relaxation

time of the neighboring water protons, enlightening the area of accumulation on the images.

In this framework, we will focus on 71 contrast agents rather than 7> agents. The first
contrast agent used and approved in MR1I is based on a gadolinium complex. Indeed, gadolinium
ions Gd*" were chosen thanks to their paramagnetic state (S=7/2 spin), and hence their high
capacity to modify the water proton relaxation times. The first gadolinium complex developed
and commercialized was the Gd-DTPA (Magnevist®) followed few years after by the first Gd-
complex based on a macrocycle, gadoteridol (ProHance®). Nevertheless, at the end of the 20™
century, Cowper et al. published and evidenced the first reporting information of the relation
between the multiple injections of gadolinium-based contrast agents (GBCAs) and nephrogenic

systemic fibrosis (NSF) in patients suffering from chronic kidney disease.”’?

To respond to
that issue coming from the first GBCAs, the last developed and the most used 77 contrast agent
in clinic is Gd-DOTA (Dotarem®), that is based on macrocyclic 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetate gadolinium complex (Gd-DOTA).”* Researches
are continually in development to increase the efficacy of GBCAs in order to avoid to increase
the Gd-complexes injected doses. Therefore, the last developed Gd-complex is based on the
PCTA structure and is called Gadopiclenol (Elucirem®) which was approved by the FDA in
2021. This structure allows the presence of 2 water molecules in the inner sphere which will
increase the relaxivity.”*®® (The theoretical explanation will be given in Chapter II)
Nevertheless, it is important to keep in mind that recent studies have evidenced the presence in
brain of gadolinium species with an higher rate of accumulation in the case of linear complexes
instead of macrocyclic ones, even in patients with no kidney disease.”**”-® In view of the Gd-

complexes issues, the researchers are continually developing alternatives with an equal or

higher efficiency. (Figure 1.27)
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Figure 1.27. Gadolinium complexes described as 71 contrast agents.**

Moreover, both 71 and 7> agents were incorporated in polymeric vesicles to obtain
theranostic nanovectors. As examples, Babaei et al.®® have synthesized, by double emulsion,
polymersomes constituted of polycaprolactone-poly(glyceryl methacrylate) synthesized by
ROP, and containing Doxorubicin and a manganese complex made of 1,10-phenantroline
(Mn(Phen),Cly), as 71 MRI contrast agent in order to treat colon adenocarcinoma.
Mn(Phen),Cl; is loaded in the membrane due to its hydrophobicity whereas doxorubicin is
present in the aqueous core of the vesicles. In order to increase the doxorubicin release of 40 %
during the first 24 hours on the tumor site, estimated at pH 5.4, they grafted an aptamer,
AS1411, capable to bind the nucleoli receptor overexpressed on certain tumoral cells. Based on
the same stimulus, Xie et al. developed micelles constituted of Gd-DTPA-PEG-b-PCL and
poly(ethylene imine)-polycaprolactone (PEI-b-PCL). In their case, treatment is brought by two
molecules: doxorubicin as chemotherapy and microRNA-34a as tumor suppressor in breast
cancer. Micelles in this case can deliver hydrophobic treatments induced by the acidic pH of
endosomes. Their area of accumulation was enhanced on MR images thank to the presence of
Gd-DTPA. Results evidence better rate of penetration and better efficacy towards cancer cells
for hybrid micelles as compared to free doxorubicin and increased expression of miRNA-34a.

(Figure 1.28)1%
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Figure 1.28. Synthetic way for Gd-HM-Doc/34a followed by the passive targeting of tumoral
cells and the action of the different components after the degradation of vesicles by the
endosomes.'®

Lui et al.'!' have investigated the use of ultrasmall superparamagnetic iron oxide
particles (USPIONSs) as 71 agents, encapsulated in polymer vesicles composed of cleavable
poly(ethylene glycol)-poly(propylene sulfide-SS-poly(ethylene glycol), PEG-PPS-SS-PEG.
The 71 and 7> effects of the USPIONs were decreased due to the confinement in the
nanoparticles which limits the exchange of the water molecules with the environment. During
the degradation of the vesicles, the water could again diffuse in the vicinity of the particles,
leading to an increased 71 effect and thus an enlightenment of the area of accumulation. The
degradation was induced by glutathione (GSH) activity cleaving the S-S bonds and thus the
PEG chains, which was proven by a negative control in the presence of L-buthionine
sulphoximine (BSO), an inhibitor of the gamma-glutamylcystein synthesis leading to a decrease

of GSH expression.

An increased T» effect was also investigated by Liu et al.!? by the incorporation of
SPIONs in polymersomes made of folic acid-poly(Z-glutamic acid)-b-poly(e-caprolactone)
(FA-PGA-b-PCL). The SPIONs were generated in situ in the hydrophilic PGA corona of the
polymersomes. Briefly, the polymersomes were obtained in the presence of H2O/DMF followed
by addition of a NaOH solution leading to the coprecipitation reaction of the Fe?*/Fe** ions in
interaction with the PGA corona. The r; obtained is 611.6 mM-'s"! at 60 MHz and 37°C leading
to a decrease of the iron concentration to inject. This extremely high 7> value can be explained
by two parameters: the increase of the diameter of the SPIONS, their clustered state, and the

decrease of the water diffusion coefficient in the vicinity of the particles. The authors also
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showed the importance of the presence of the FA to target the tumors. Indeed, the presence of
FA led to an increase of the efficiency of drug delivery at the target due to the binding with FA
receptors on the surface of the tumors. Doxorubicin was loaded by a passive technique in the

polymersomes, which showed a higher drug efficacy than that of free doxorubicin.

To palliate to the lack in sensitivity of MRI, another alternative is to couple MRI with a
more sensitive technique such as optical fluorescence. In this way, Zavvar et al. used PEG-b-
PCL polymeric vesicles incorporating quantum dots, constituted of copper-indium-zinc, doped
with gadolinium. The theranostic platform is obtained by the encapsulation of doxorubicin, in
the hydrophilic part, the dopped QDs with a size of 3 nm being in the hydrophobic part. This
step does not impact the fluorescence of the QDs and can be followed by the covalent grafting
of an aptamer on the surface in order to target tumors. The aptamer increases the accumulation

of polymersomes in the tumor, leading to a decrease of tumor growth.!%?

1.4.2 Photoacoustic imaging (PAI)

Photoacoustic imaging is a more recent technique, characterized by high spatial
resolution and deep penetration in tissues. It uses a laser beam sending photons that are absorbed
by different moieties. The energy of photons is absorbed, and electrons pass to a vibrational
excited state. The loss of energy of these electrons can occur according to different ways. The
PAI uses the mechanism of non-radiative relaxations such as heat. The increase of temperature
in the environment of excited molecule propagates and leads to a transient swelling of tissues.

This modification induces acoustic waves that are detected with sensors. (Figure 1.29)
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Figure 1.29. Simplified Jablonski diagram.

The wavelength used in this type of experiment allows to selectively excite exogenous
molecules or endogenous species and detect their signal. Based on this technique, a natural
contrast can thus be obtained by endogenous species like hemoglobin, water, lipids, etc. In order
to perform molecular imaging, a contrastophore such as small dyes or nanoparticles, with an

absorption in the near-infrared (NIR), is used to avoid noise arising from endogenous species.'*

Li et al. developed Mal-PEG-PLGA nanoparticles, loaded with croconaine dye (Crocsis
and Croc770) with or without targeting abilities, obtained by emulsion-solvent evaporation.
Those dyes are pH sensitive with a NIR absorbance modified when the pH is varied. Moreover,
they show high photothermal conversion efficiency, making them promising candidates for
photothermal therapy (PTT), leading to a theranostic platform. The dye release is monitored by
the pH and the intensity of the laser irradiation. A combination of these two parameters leads
to an optimal release of the dye due to the degradation of PLGA in acidic medium on one side,
and the increase of the energy from the dye on the other side. Results show better efficiency for
PPCsis (targeting NPs) than CPC770 (non-targeting NPs) with the capability for PPCs;s to inhibit
the growth of the tumor.!®® Using laser irradiation also leads to double treatment using
conjointly chemo-photothermal therapies. (Figure 1.30) Based on this principle, Yang et al.
developed micelles made of poly(ethylene oxide)-block-poly(acrylamine-co-acrylonitrile-co-
vinyl imidazole) (mPEG-PAAV). PAI was brought by IR780 molecule showing good
efficiency for photothermal therapy and combined chemotherapy was performed using

doxorubicin.!%
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Figure 1.30. Schematic representation of the PLGA-PEG-Mal polymersomes and
their functionalization leading to in vivo pH stimuli following by PAI and PTT.!%5

[.4.3 X-rays Computed Tomography (X-rays CT)

Basically, X-rays, that are electromagnetic waves, are delivered to patient. The beam
interacts differently as a function of the matter. Resulting attenuated X-rays are detected in
several directions, leading to the formation of images. The X-rays are more or less attenuated
as a function of the nature of tissues. Indeed, the mineralized bone tissues attenuate much more
the X-rays than soft tissues like muscles, which leads to an anatomical image contrast. The
computed tomography takes place principally for the formation of 3D images. It allows to
reconstruct 3D images using several projected 2D images.'%” Despite its high spatial resolution,
it suffers from a lack of sensitivity in soft tissues like tumors that can be palliated using contrast
agents, usually based on iodinated compounds (e.g. Lipiodol, by Guerbet S.A.). Nevertheless,
high doses are needed that cannot be provided by small organic molecules due to their fast
elimination. The nanoparticles seem to be an alternative to increase the quantities of iodine
species. On that aim, Zou et al. developed cRGD-XIPS polymersomes loaded with doxorubicin
and iodine which were obtained by co-self-assembling cRGD-PEG-p(DTC-IC) and PEG-
p(DTC-IC) (poly(ethylene glycol)-b-poly(dithiolane trimethylene carbonate-co-ionidated
trimethylene carbonate), where cRGD is a cyclic peptide targeting melanoma. These polymers
led to spontaneous disulfide-crosslinking avoiding a natural release of doxorubicin. The authors

designed, as negative control, polymersomes composed of PEG-PIC and cRGD-PEG-PIC
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(cRGD-IPS) which were not able to form disulfide crosslinking. These nanostructures showed
after 12 h a leakage of approximately 40% of the doxorubicin, whereas the crosslinked structure
was destabilized only in intracellular conditions, leading to a release of 80% of doxorubicin in
24 h. These results show an increase of iodine-based CT image contrasting and enhanced

treatment efficacy with the presence of the targeting cRGD.!%

As explained for MRI, the CT can also be coupled with a molecular imaging technique
like single-photon or positron emission tomography (SPECT/PET) to increase the sensibility
of the CT X-rays. Based on the work by Zou et al., PEG-PIC was prepared with some of the
iodine radiolabeled with 'I for dual imaging (SPECT-CT) or '3'I for radiotherapy (RT) via an
isotopic exchange. The exchange of isotope impacted neither the biological properties nor the
stability of the structure. '3'T showed acute RT toxicity for breast cancer cells with simultaneous

SPECT-CT contrast provided by '231.1%°

1.4.4 Fluorescence imaging (FLI)

Fluorescence imaging (FLI) is principally used for preclinical studies (on small animals)
with the aim to develop innovative therapies in the clinical sphere. FLI uses the same
phenomenon than PAI, but in this case the photon energy absorbed by the contrastophore is
released through a light emission called fluorescence that can be detected by ultrasensitive

cameras. (Figure 1.29)

Cyanine dyes are widely used in this type of studies owing to their low cytotoxicity and
high molar extinction coefficient. Moreover, cyanines can be tuned to be covalently grafted on
nanostructures. Yang et al. used cyanines as initiator for ATRP followed by two different
reactions to obtain finally the poly(DMDEA-co-GMA)-g-PEG leading to polymeric NPs of 131
nm diameter in DLS by self-assembly in aqueous medium. The presence of cyanine as end-
group of the polymeric backbone allows diagnosis by FLI, but also treatment by photothermal
therapy (PTT). Results evidenced temperature raise of medium increasing as a function of the
nanostructure concentration. They examined if the NIR light irradiation does not impact the
dye. Results showed good photothermal stability with only 19.5% loss of the absorbance after
6 min of irradiation. In comparison, free dye has a decrease of 71.2 % after the same time of
irradiation. Moreover, the polycationic block is pH-responsive, enabling drug release on the

tumor site. Doxorubicin has been encapsulated as a model drug and showed approximately 50
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% release after 6 h and two acidic treatments, at pH 6.5 and 5.4. As a control, cumulative assays
show negligible release of doxorubicin in PBS. Finally, the nanostructures at up to 1 mg/mL

concentration were evaluated in vitro and showed cell viability higher than 80%. (Figure
L.31)!10
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Figure 1.31. Schematic representation of the synthesized polymer followed by their
self-assembly with encapsulation of doxorubicin leading to their disruption in acidic
medium. !

Another pH-sensitive triblock, where the cyanine is encapsulated or grafted onto the
polymer, was developed by Yang et al. The polymersomes were made of poly(N-
vinylpyrrolidone)-block-poly(dimethylsiloxane)-block-poly(N-vinylpyrrolidone)  (PVPON-
PDMS-PVPON) and were obtained by nanoprecipitation or the thin film method. The grafting
of the cyanine on the polymeric backbone generated a red shift and a broader peak compared
to non-grafted cyanines, that could be due to a quench of the fluorescence resulting from their
proximity. They developed these structures in order to encapsulate PARP1 siRNA, having a
low stability in physiological medium, to treat breast cancer by gene therapy, and showed that
the breast cancer cells proliferation decreased of 34% after 6 days.!!! Micelles technology also
used FLI: Yang et al. developed a block copolymer made of PEO and an acrylate derivative
grafted with bis(oxy)bis(ethnane-2,1-diyl) diacrylate (IR820), ferrocene and cinnamaldehyde.
This complex copolymer self-assembles to form micellar nanoparticles. IR820 was used to
obtain a diagnosis by photoacoustic and optical imaging, whereas the cancer therapy is provided
by the release of cinnamaldehyde that leads to the formation of hydrogen peroxide. In presence
of ferrocene, H>O> then produces hydroxyl radicals OH' by Fenton-like reaction. The authors
evidenced that those nanocarriers were able to lead to significant decrease of cancer cells in
combination with NIR irradiation increasing temperature through PTT. This overall oxidative-

photothermal-photodynamic and imaging structure led to tumor size decrease. (Figure 1.32)!!2
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Figure 1.32. Grafted copolymer self-assembling into micelles showing multiple-therapeutic effects and in vivo
tumor regression through combination of NIR irradiation (PDT, PTT), OI and PAI as imaging techniques.''?

Moreover, well-known doxorubicin, which is daily used to treat cancers, is naturally
fluorescent. In this way, this drug is used in more and more applications. In the treatment of
breast cancers, Moulahoum et al. developed pH sensitive polymersomes, made of PEO-5-PCL.
As explained previously, doxorubicin was used for diagnosis by FLI and for therapy. The
structure was specific thanks to grafting of Histatin 5, a histidine-rich peptide. Histatin was used
due to its natural propensity in acidic medium to arrange its structure into alpha-helix. Results

show an increase of internalization of doxorubicin in presence of Histatin 5.!!3

[.4.5 Comparison of the different bioimaging modalities

The previously described techniques (MRI, X-ray CT, PAI and FLI) are not the only

ones available. The other possible bioimaging techniques will be briefly described below.

The positron emission tomography (TEP) uses radioisotopes previously formed and
incorporated in organic molecules, such as '*F in fluorodeoxyglucose (FDG). The used isotopes
are neutron deficient and are naturally transmuted into a stable isotope by the transformation of
a proton to a neutron, with an emission of positron (anti-electron e¢*). The emitted positrons
have an energy proper to each radioisotope, and they enter in annihilation with electrons present
in the medium. This leads to the production of two gamma photons emitted in two diametrically
opposed directions. The exact position of the emitter can then be determined using a ring of

detectors, when two of them detect the two opposed photons in coincidence, usually at a 511
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keV energy. Single photon emission computed tomography (SPECT) uses radioisotopes
emitting y-rays which are collected on one side. Tomography allows to reconstruct images
based on the collected y-photons. Last but not least because of its non-invasiveness, ultrasound
imaging (US) is based on ultrasound waves sent to the body, while their echoes are detected to
provide an echography image. This technique depends on the different capacities of tissues,
organs, vessels, and bones to reflect the US signal, combined with its ability to measure also

body fluid velocities (Doppler imaging) or tissue elasticity modulus (elastography).

All these techniques have obviously different characteristics such as sensitivity, spatial

resolution, and penetration depth. Those are compared in Table I.1.

Table I.1. Comparative table of the different imaging techniques discussed above.

Molecular Spatial Penetration
Detected species w4 Y Drawback
sensitivity resolution d epthl 14

Electromagnetic o o

MRI . pM-mM 10 — 100 pm No limit Low sensitivity
signal
PAI Acoustic waves pM 50 -500 pm <5cm Pre-clinical
X-rays CT X-rays mM'"? ~100 pm''® No limit X-rays
FLI Fluorescence nM 2 —-10 mm <5cm Low spatial resolution
PET 2 y-photons M 1 -2 mm No limit Ionizing
SPECT y-rays M 1 -2 mm No limit Ionizing

UsS Ultrasound / 50 — 500 um <5cm Low penetration depth

MRI keeps a major place in medicine as bio-imaging technique, owing to its high spatial
resolution enabling to image anatomical features of size down to 50-80 um. Nevertheless, the
lack in sensitivity sometimes requires the use of contrast agents. An alternative is multimodal
imaging coupling to MRI another technique of better sensitivity. The most used contrasts agent

in medicine are based on gadolinium complexes. However, the major dangers of Gd-based
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contrast agents are the nephrogenic systemic fibrosis principally observed on patients with
kidneys diseases, and their potential accumulation in the brain. There is thus a growing interest
to introduce new MRI contrast agents based on safer complexes. On the other hand, it could be
interesting to couple this technique with a more sensitive technique such as FLI which has, on
its side, a lack in spatial resolution. FLI is the most sensible technique that does not use any
ionizing radiations though it is rarely used in clinics, except for lymphography with indocyanine
green (to visualize the superficial lymphatic system, e.g. for breast sentinel node biopsy).
According to these arguments, the bimodality obtained by combining MRI and FLI, and the
development of new types of contrast agents, are currently deeply investigated to obtain image

guided drug delivery systems, an example of which will be provided by this PhD thesis.
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Aim

This thesis presents pH sensitive polymeric nanoobjects with an original structure
composed of poly(ethylene oxide) as hydrophilic block and a statistical copolymer made of
poly(z-lactic acid-co-&-caprolactone) as hydrophobic block. This amphiphilic copolymer can
self-assemble into nanostructures such as micelles or vesicles also called polymersomes, able
to encapsulate several molecules. With the aim to improve the cancer diagnosis and treatment,
a theranostic nanoplatform will be developed by encapsulating doxorubicin, a well-known anti-
cancer drug, and ZW800-1, a near infrared fluorophore used as contrast agent in fluorescence
imaging (FLI). Moreover, bimodality for the diagnosis will be brought by the grafting on the
vesicles surface of magnetic resonance imaging (MRI) contrast agents. This bimodality is
advantageously induced since it allows to combine the spatial resolution of MRI with the high

sensitivity of optical imaging.

As discussed in the introduction, the gadolinium complexes currently used as MRI
contrast agents are concerned by several issues, and so alternatives need to be found. We will
describe in chapter Il the development of complexes based on manganese ions. Indeed, these
ions are naturally present in food, and they present paramagnetic properties, allowing to modify
the relaxation times of protons. The macrocycle able to complex manganese ions is based on a
pyclen derivative, bringing the right number of coordination links to leave a free coordination
bond available for one water molecule. Moreover, the macrocycle can be functionalized thanks
to its original structure, with pendants groups. Finally, the efficiency of Mn-complexes will be

evaluated by different relaxometric techniques and in vivo on mice.

The polymers used in this thesis will be synthesized and fully characterized in chapter
III. Their self-assembly behavior is evaluated, and the formation of micelles or polymersomes
is shown depending on the protocol, their structure being characterized by different analytical
techniques. Their encapsulation capacity of different molecules, such as dyes and drugs, will
be also evaluated. The used anti-cancer drug is doxorubicin, an already used treatment in
chemotherapy that showed its efficiency against different cancers. Nevertheless, its high
toxicity brings a lot of side effects due to its impact on healthy cells. Studies evidenced that
encapsulated doxorubicin prevents substantially those incoming effects. An exogenous
fluorophore absorbing in the near infrared region will be also encapsulated to obtain a signal

which can be reliably associated to the presence of the nanoobjects. The chosen fluorophore

48



will be the ZW800-1, an indocyanine green derivative, characterized by a higher stability than
the parent molecule, indocyanine green which is already approved by the FDA. This dye has
Aexe and Aem at 772 and 788 nm respectively in FBS (fetal bovine serum), which is in the
therapeutic window (spectral region with the lowest absorbance of the endogenous molecules).
These resulting nanoplatforms will be evaluated in vitro on different cellular lines and in vivo

on mice.

Finally, a bimodal system, active both in FLI and MRI, could be obtained by grafting
the Mn-complexes described in chapter II onto the nanoobjects surface. This immobilization
of the Mn-complexes should moreover have the additional effect of improving their efficacy.
To that aim, a strategy based on click chemistry will be envisaged to graft the Mn-complexes
on the polymeric vesicles since it seems to be the best way to obtain a high selective reactivity.
Chapter IV will describe the different tested strategies to functionalize the copolymer and the
macrocycle with the right chemical groups. This strategy will allow to control the quantity of
grafted MRI contrast agents by mixing different proportions of functionalized and
unfunctionalized polymers, while encapsulating low amount of dye. Indeed, because of the
difference of sensibility between MRI and FLI, the required amount of contrastophore is not

the same.

This leads to the final chapter V, which will conclude this thesis and bring some
perspectives on this work with critical overview of the most encouraging routes towards the
final obtention of a bimodal, multifunctional and multi-stimuli-responsive (pH, temperature...)

drug nanocarrier for innovative anticancer therapies.
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Chapter 11

Chapter II: Mn?>* complexes with pyclen-based derivatives: synthesis,

relaxometry characterizations and in vivo evaluation as MRI contrast agents.

The first part of this chapter was published as M. Devreux et al., Mn’* complexes with
pyclen-based derivatives as contrast agents for magnetic resonance imaging: synthesis and
relaxometry characterization, Inorganic Chemistry 2021, 60(6), 3604-3619. The second part
presents original results obtained on these systems and are not included in the published article,

in particular the study of their in vivo biodistribution by MRI in mice.

I1.1 Introduction

Gadolinium complexes are currently the main authorized contrast agents (CAs) used in
clinic for medical diagnosis by Magnetic Resonance Imaging (MRI). In fact, this powerful non-
invasive imaging technique often requires the use of a CA to compensate its lack of sensitivity.
Different classes of CAs have been developed for MRI, among which gadolinium complexes
are by far the most used in the clinical field thanks to their property to decrease the proton water
longitudinal relaxation time, highlighting the areas where the CA is accumulated.!!’
Nevertheless, since more than a decade some researches have demonstrated that the injection
of gadolinium complexes to patients with kidneys failure can trigger the apparition of a disease
called nephrogenic systemic fibrosis (NSF).!18-12!1 This is particularly true for linear gadolinium
complexes based on acyclic ligands such as Gd-DTPA (gadopentetic acid) that are less
thermodynamically and kinetically stable than those based on macrocyclic complexes such as
Gd-DOTA (gadoteric acid). Therefore, some marketed Gd-based CAs (GBCAs) are no longer
recommended for those patients.!!®!1%122 In addition, more recent studies have shown
accumulation in the brain of gadolinium CAs in subjects with normal renal function.!?3:124
Further investigations were carried out on rats to compare macrocyclic (Gadoteridol®) with
linear (Gadodiamide®) marketed agents and to quantify the Gd-species retained in the brain. It
was concluded that Gadoteridol® was much less retained than Gadodiamide® and fully detected

in the urines as its intact and soluble Gd-species, whereas Gadodiamide® was found mostly as
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insoluble species.!?>126 This situation explains that scientists are much interested in finding a
safer next generation of MRI CAs based on Gd-free alternatives, and one of these could be the
use of manganese-based CAs.!?’-12% Manganese ions are essential and naturally present in the
body under the form Mn?" or Mn*" with 5 or 4 unpaired d-orbital electrons, respectively. The
normal physiological concentration of manganese in the serum of healthy subjects is about 0.5—
1.2 pg/dL (9-22 uM), and part of its important biological roles in the organism is to act as a
cofactor activating some enzymes or as a constituent in metalloenzymes. Manganese ions also
play a role in the development of the immune and nerve system functions and in the regulation
of the amount of vitamins and sugar in the blood.!3%!3! The first use of manganese as MRI CA
was an oral formulation containing liposome-encapsulated MnCl, salt (LumenHance®)
indicated for gastrointestinal examinations. However, several studies have shown that too high
doses of free manganese ions could induce a neurodegenerative disorder called manganism, a
disease with symptoms similar to those of the Parkinson’s disease. Despite toxicity of free Mn?*
ions, manganese enhanced MRI (MEMRI) using MnCl is used for preclinical studies in mice
with brain'3? or lung'** model tumors. To avoid adverse effects, manganese complexes have
been developed, and the second manganese-based CA approved by the Food and Drug
Administration (FDA) in 1997 was manganese dipyridoxyl diphosphate (Mn-DPDP,
Teslascan®, Figure I1.1) for use as a liver specific hepatobiliary CA.'3* This structure is based
on a linear ligand and has low thermodynamic and kinetic stabilities, with consequently a
certain amount of free manganese ions released in vivo. The efficacy of Mn-DPDP as a MRI
CA is quite low because the ligand does not allow the coordination of any water molecule in
the inner sphere of the metal coordination. Its efficiency comes therefore from the part of the
released manganese ions, with a relaxivity of 2.8 s''-mM-! at 20 MHz and 40°C in an aqueous
solution; as a point of comparison, the relaxivity of Gd-DOTA, a well-known commercialized
macrocyclic CA, is 3.5 s''mM! at 20 MHz and 3.1 s'-mM" at 60 MHz and 37°C.13>13¢ As a
result and for safety concerns (potential toxicity of released free Mn?*), Mn-DPDP is no longer
commercialized for clinical use, so that there is still a need for Gd-free alternatives, with a
higher thermodynamic stability and kinetic inertness in order to avoid the release of free
manganese ions in vivo, and with a higher efficacy to be competitive with GBCAs.!20:121,127.136
As a possibility, researchers examined Mn-porphyrins, where the manganese cation is at the
center of a heme ring. They found very high longitudinal and transverse relaxivities, of 9.33
and 12.0 sT-mM! respectively at 3T (20°C), thereby enabling MRI detection in vivo of Mn-
labelled cells.!*”!3® Porphyrins exhibit multiple advantages such as being able to stabilize

manganese in its higher oxidation states Mn(IIl) or even Mn(V). However, their synthesis is
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delicate in the perspective of scale-up production for an envisioned clinical use. Moreover, such
compounds are highly light-sensitive, and are therefore intensively studied in a context of
therapeutic agents for photodynamic therapy. Slightly larger ring-shaped ligands called
texaphyrins complexing Mn?" were recently proposed as bimodal CAs (MRI and photoacoustic
imaging).!3® Another bimodal system for MRI and positron emission tomography (PET) based
on a pyclen ligand complexing Mn?* or 3> Mn?" was also studied by Csupasz et al..'*® On the
other hand, Mn-based nanoparticles (NPs) were also tested : purely inorganic ones, like
antiferromagnetic MnO or paramagnetic Mn-doped ferrocyanide NPs (Prussian blue), or
organic ones made with DSPE-MPEG encapsulating doxorubicin complexed with Mn?* 141142

In view of this effort to develop macrocyclic ligands with a high affinity for Mn(II) and
a high efficiency as MRI CAs,!* this chapter explores the potential of four Mn(IT) complexes
based on the pyclen core (3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene) and
carrying an additional site for the conjugation to a molecule of interest, for instance a
chemotoxic drug or a polymeric vector. Pyclen is an interesting 12-membered macrocyclic
structure incorporating a N-pyridyl donor that rigidifies and pre-organizes the ligand
coordinating groups (in particular rendering the 4 nitrogen atoms coplanar), an attribute which
could improve the kinetic inertness of the resulting complex. Pyclen ligands have been reported
recently for the coordination of luminescent lanthanide cations to develop optical probes for
near-infrared imaging.!** The pyridine subunit also provides an enhanced degree of
lipophilicity that could promote mixed renal and hepatobiliary clearances, another interesting
attribute in the context of patients with reduced kidney function. The choice of pyclen-based
chelating agents was also guided by their availability as “tailor-made” synthetic chelators
prepared according to a versatile and potentially up-scalable strategy, which consists in
assembling two synthons previously “dressed” with all the final required functionalities: the
donor groups to satisfy the electronic demand of the paramagnetic ion, and an additional
function to allow its conjugation to a molecule of interest.!*~!4° Since Mn(II) has typically a
coordination number of 6 or 7, ligands for Mn(II) cannot exceed hexadenticity to allow the
presence of at least one water co-ligand in its inner sphere which is a crucial parameter to ensure
interesting relaxometric properties for MRI applications. Consequently, it was necessary to
cleverly functionalize the pyclen derivative in order to limit it to 6 coordination bonds with
Mn?* while providing a sufficiently high degree of coordination to preserve a satisfying

thermodynamic stability of the complex.
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Figure II.1. Structures of the ligands or complexes discussed in this work: (A)
MnDPDP"** (B) PCMA and PCMP'*® | (C) PCTA, PC3AM", PC3AMYY, and
PC3AMPP 4 and (D) PC2A, PC2A-EA, and PCTA'

The pyclen ([12]PyN4) macrocyclic core is now recognized to form efficient chelators
for the Mn?* cation complexation, and some studies can be found on the interest of such
pyridine-containing (PC) ligands (Figure II.1). Drahos ef al. have studied the influence of the
nature of the coordinating group on one arm of the macrocycle on the thermodynamic stability,
the kinetic inertness, the redox potential, and the 'H and '’O relaxation. They found that the
mono-functionalized pyclens PCMA and PCMP with an acetate or a methyl phosphonate
pendant arm give ternary hexacoordinate Mn?* complexes accommodate with one water
co-ligand (Figure I1.1), both of them being rather stable.!*’” With a similar purpose, Garda et al.
studied the influence on the proton relaxometry, the thermodynamic stability and the kinetic
inertness of the presence of a primary, a secondary or a tertiary amide instead of the carboxylate
functions of the PCTA which is a well-know pyclen derivative.!** However, the corresponding
Mn(II)-complexes show quite low relaxivities, less than 2 s''-mM-! at 37°C and 20 MHz. In a
more recent study, Botar ef al. have developed a pH-responsive CA, [Mn(PC2A-EA)] stable
and inert, with a maximum relaxivity at slightly acidic pH of 3.5 s'''mM! at 20 MHz and
37°C.15! Botar et al. also developed di-(2-picolyl)amine (DPA) grafted on PC2A to obtain a
manganese complex responsive to Zn** ions. The addition of DPA, in their case, was used to
image glucose that stimulate zinc secretion. All these results show that much efforts are still to

be done to increase the efficacy of Mn-complexes as MRI contrast agents.!>
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I1.2 Results and discussion

In this work, it was decided to study a series of four N4O, hexadentate pyclen chelators
including three structures carrying an additional function grafted onto the pyridine ring to allow
conjugation to a molecule of interest (Figure 11.2). The “naked” complex MnLH, where —H
designates the absence of any substituent in the ortho position of the pyridine ring, will be used
as a reference to evaluate the impact of this additional subunit on the relaxometric properties of
the corresponding Mn-complexes. Our previous work showed indeed that the functionalization
of the carboxylate moiety into an amide bond on the pyridine arm of Gd-PCTA leads to a loss
of one water molecule in the inner sphere, giving ¢ = 1 instead of ¢ = 2.!%° The syntheses are
reported herein, together with the full relaxometric characterization of the corresponding Mn-
complexes in order to have a complete understanding of their efficiency as MRI CAs (Figure

11.2).
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Figure I1.2. Structure of the four Mn-complexes synthesized and studied in this work
MnL:H: MnPy(COO)-H; MnlL.COO: MnPy(COO)-OCH.COO7; MnL3;CH:
MnPy(COO")-OCH.CONHCHCCH and MnLsNH5": MnPy(COO)2-
OCH2CONH(CH2):NH;*.

I1.2.1 Synthesis of the pyclen-based Mn?* complexes

The synthetic route to triamine 5b is similar to what we described previously for the
analogous compound bearing three acetate arms (Scheme I1.1).'% The selectively N,N'-
protected diethylenetriamine derivative 2 was reacted in tetrahydrofuran (THF) with a slight
excess of both benzyl chloroformate and diisopropylethylamine (DIPEA) to afford the fully

protected compound 3 in 94% yield. The next two steps, grafting of the acetate arms onto the
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secondary sulfonamides followed by cleavage of the o-nitrobenzenesulfonyl (Nosyl) protecting
groups, were carried out in one-pot in warmed acetonitrile. For each of the two steps, the total
consumption of both the starting materials and the monofunctionalized intermediate (i.e. 3 and
4a for the first step; 4b and Sa for the second one) was carefully monitored (TLC and/or mass

spectrometry) and led to synthon 5b with a yield of 85%.

H H
HN NH a N N
/ ) \/\H/\/ 2 Nos/ \/\”/\/ \NOS\
1 2
jb
R! R2
! ! ‘ g
-
Nos” \/\T/\/ N Nos Ci Nos” \/\T/\/ N Nos
Cbz Cbz
4a: R',R?=H, CH,CO,tBu 3

4b: R'= R?= CH,CO,tBu

R! " R?

tBuO,C N N CO,tBu
N NN T

Cbz
5a:R!,R?=H, Ns
5b:R'=R2=H

Scheme II.1. Synthesis of the lower part of the pyclen chelates from a triamine derivative:
(a) NaOH, Nos-Cl, diethylether, THF, r.t. overnight (b) Cbz-Cl, DIPEA, THF, r.t. 1h30
(ci)BrCH2C0:tBu, K2COs, CH3CN, reflux 3-5 h (cii)PhSH, K2COs, 60°C 2-4 h.

The synthetic routes for the obtention of the 6a and 6b compounds were evaluated in
the framework of my master’s thesis by PhD F. Dioury and have been published in EurJIC,
2019, 29, 3354-3365 “Bimodal Probe for Magnetic Resonance Imaging and Photoacoustic

Imaging Based on a PCTA-Derived Gadolinium(III) Complex and ZW800-1". (Scheme
AlLT)

As previously described for PCTA derivatives, the pyclen macro-ring formation was
achieved by reacting the triamine Sb with a small excess of 2,6-dibromomethylpyridine 6a-b
under heterogeneous conditions in refluxing acetonitrile at moderate dilution (0.01M) with
sodium carbonate as scavenger (Scheme 11.2).!% In such conditions, the corresponding

macrocycles 7a-b were isolated in 39 and 64% yields respectively.
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Scheme IL.2. Synthesis of the pyclen derivatives: (d) Na2COs, CH3CN,
reflux.

Successive step-by-step deprotections were then necessary in order to allow the
selective grafting of different molecules of interest on the additional pendant group attached on
the pyridine moiety of the macrocycle (Scheme I1.3 ; Scheme 11.4 ; Scheme IL.5).

The carboxybenzyl group of compounds 7a-b was smoothly removed by a pallado-
catalyzed hydrogenolysis under an atmospheric pressure of H, at room temperature and
afforded compounds 8a-b (Scheme I1.3). The reaction can be performed in MeOH and EtOH
but the use of MeOH for 8b can lead to transesterification. However, obtaining a mixture (if
partial) of both methyl and ethyl esters does not impact the next saponification step. The
controlled removal of the ethyl ester group of compound 8b was then achieved by mild
saponification with NaOH and provided the corresponding carboxylate 9 in 67% yield. The
tert-butyl ester functions of the prochelators 8a and 9 were removed by treatment with
trifluoroacetic acid and led to the pyclen-based chelating agents 10a-b that were finally
complexed to Mn(Il) ions by reaction with an equimolar amount of manganese dichloride

tetrahydrate at controlled pH (ca. 5-6) to give the Mn?" complexes 11a-b.
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Scheme I1.3. Synthesis of two Mn-complexes: (e) Pd/C, EtOH or MeOH, Hz
atm, r.t. overnight (f) NaOH, EtOH, r.t. 7h (g) and (h) CF;CO2H, CH2Cla, r.t.
overnight (i) MnCl2-4H20, H20, pH 5-6, 40°C, Ar atm, overnight. 1la is
compound (MnL1H), 11b is compound (MnL>COO").

Compound 9 has an additional carboxylic acid function on the pyridine subunit to allow

subsequent conjugation to an amine function of different molecules of interest (Scheme 11.3).
As previously shown for a bifunctional Gd-PCTA complex,'* the resulting amide bond can act
as an additional donor group so that the overall denticity of the chelator is increased, and the
coordination of a water molecule as co-ligand in the inner sphere of the paramagnetic center is
compromised, with a negative impact on the relaxivity of the chelate. Consequently, it was
decided to study the impact of this additional amide bond on the relaxivity of the Mn?**
complexes.
Both compounds 14 and 17 were designed with a dual purpose: to study the influence of an
additional pendant amide bond on relaxometry, and to vary the function to allow subsequent
conjugation for forthcoming studies with different chemical reactions: by click chemistry with
Huisgen’s 1,3-cyloaddition on the alkyne end-group, or by coupling the primary amine with
carboxylic acid groups (Scheme 11.4 ; Scheme I1.5).

On the one hand, propargylamine was grafted to compound 9 using the uronium-based
activating agent HBTU (O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate) and afforded the carbamoyl derivative 12 (over 90 % yield) whose fert-

butyl ester functions were then removed upon treatment with trifluoroacetic acid. The resulting

59



Chapter 11

pyclen-based chelating agent 13 as a trifluoroacetic salt was finally complexed to Mn(II) as

previously done for 10a-b (Scheme 11.4).

N/ N/

/] ™\
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Scheme I1.4. Synthesis of MnL;CH: (j) HBTU, NH.CH>CCH, DIPEA, CH:Cl.,
r.t. 4h30 (k) TFA, CH2Cl, r.t. 1 day (I) MnCL-4H20, H2O, pH = 5-6, 40°C
overnight. The final product is compound (MnL3;CH).

On the other hand, the ethyl ester derivative 7b was submitted to aminolysis in ethylenediamine
at room temperature for 1 hour and led to the expected amido derivative 15 in 58% yield.
Compound 15 was then submitted to acidolyses with hydrogen bromide in warmed acetic acid
to cleave both the tert-butyl ester and the carbamate functions and led to the expected ligand
16a in 72% yield. It is noteworthy that upon treatment with hydrogen chloride in diethyl ether
solution at room temperature, even repeatedly, only partial cleavage of the benzyloxycarbamate
function was observed and gave a mixture of the desired compound 16a and of the intermediate
16b (as hydrochloride forms). Complexation with Mn?* ions finally proceeded very easily, in

few minutes at room temperature (Scheme I1.5).
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Scheme I1.5. Synthesis of MnL4NH3": (m) NH2CH2CH2NHy, r.t. (n) HClanh, Et20 or HBraan,
AcOH, 70°C then r.t. (0) MnCl2.4H20, H20, pH 5-6, r.t.. The final product is compound
(MnL4NH5").

In order to ensure the presence of the oxidation state 2+, the complexation reactions were
performed under argon atmosphere and in the presence of sodium dithionite NaxS>04
(approximately 1.3 eq), a reducing agent reported in literature to control the oxidation state of

Mn-porphyrins. '3

11.2.2 Oxidation state

The presence of Mn?**, obtained by the spontaneous oxidation of Mn?" in the presence
of oxygen, would reduce the relaxometric capacity of the complexes.!*” To evidence the
oxidation state of manganese ions, cyclovoltammetry measurements were performed. Mn?* and
Mn** having different coordination numbers, consequently the geometry of their corresponding
complexes is not the same. With 7 coordination links, Mn?* favors trigonal prism geometry
whereas Mn**, which exhibits 6 coordination links, is characterized by a favorable octahedric
structure. Cyclovoltammogram of MnL>COO- (ligand 2) shows an oxidation potential Eox =
+470 mV and no reducing potential E4, evidencing an irreversible effect. This irreversible
Mn(II)/Mn(III) redox process is commonly encountered for Mn-complexes and is due to the
lack of ligand-field to stabilize the high spin d> configuration of Mn(II). This leads to a

consequent contribution of the inner sphere to electron transfer.! This electrochemical
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experiment allowed thus to demonstrate the main presence of the 2+ oxidation state in the

MnL,COOQO" studied. (Figure I1.3)

-1 1 1 1
0.0 0.5 1.0 1.5 2.0

u(v)

Figure I1.3. Cyclic voltammogram of MnL.COO"
(5 M NaCl, scan rate 50 mV/s)

As those measurements are compound consuming, it was assumed that the

complexation under Ar atmosphere allowed to obtain Mn (II)-complexes with all the ligands.

11.2.3 Relaxometric characterization

Paramagnetic complexes such as gadolinium and manganese complexes will mainly
decrease the water protons longitudinal relaxation time 77. Longitudinal relaxation time needed
T is defined as the time needed for the longitudinal magnetization Mz vector to reach 1 —
e~ 1~2/3 of its equilibrium value My after a 90° pulse. T; is measured by the inversion-recovery
VW
sequence which consists in an impulsion of 180°, followed by a delay z, a second impulsion at
90°, and finally the recording of the free induction decay (FID). The longitudinal relaxivity,
which is the slope of the decay rate R1 (inverse of 71) versus metal molar concentration gives

access to the efficiency of the complexes. (Equation II.1)

(%)_R(lj (water) S-l .

2+
[Mncomplex]

T = mM! (Equation I1.1)

where Rrepresents the diamagnetic contribution to the decay rate of pure water.

In other words, the relaxivity represents the capacity of one millimole per liter of the contrast
agent to decrease the relaxation time of the water molecules present in its vicinity. The higher

is the relaxivity, the more efficient is the contrast agent to modify the contrast of MR images.
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In the case of 77 agents like Mn-complexes, a high relaxivity will be translated on images by
an enlightenment of the area of accumulation, thanks to appropriate radiofrequency spin-echo

sequences with very short echo times which operate a “Ti-weighting” of the MR images.!>*

Relaxivity depends on three mechanisms: (i) the inner sphere, which corresponds to the
first coordination sphere of the metal containing one or several coordinated water molecule(s)
(i1) the outer sphere corresponding to its bulk water diffusing in the close vicinity of the
complex, and (iii) the second sphere coming from water molecules slightly bound to the
complex through hydrogen-bonds for example. Since the outer sphere mechanism mainly
depends on the diffusion of water, it cannot be easily tuned to increase the relaxivity as only a
temperature change could significantly modify the diffusion, which is impossible in vivo where
the temperature is fixed at 37°C. Alternatively, the hydrodynamic diameter of the CA could
also be changed to tune the 77 contrast as introduced by Hannecart et al. with ultrasmall iron
oxide nanoparticles coated by a thermosensitive polymer brush, but again it requires a change
of temperature, which can be obtained in vivo only by local hyperthermia with special excitation
by a laser or ultrasounds.!> Concerning the inner sphere mechanism, it is of quantum mechanic
origin and is governed by both scalar and dipolar interactions between the nuclear spins of water
molecules and the orbital spins of the f or d-layer electrons of the magnetic center. The scalar
interaction is negligeable for all the Gd-complexes and for most of the Mn-complexes,!?! so
that only the dipolar contribution will determine the inner sphere mechanism. It is given by
Equation I1.2 where ¢ is the number of coordinated water molecule(s), Ty is the residence time
of these coordinated water molecules and 71m is the longitudinal relaxation time of the

coordinated water molecule, defined by Equation I1.3 according to the paramagnetic relaxation

theory of Solomon-Bloembergen-Morgan.!36-158
is _ q/[H20] .
"= (Equation I1.2)
1 _ 2 (mo) vigduB s+ [ 71 370, _
Tim 15 (471') oy 1+ w? 73 + 1+ wf 14 (Equation I1.3)
where R (Equation I1.4)
Tel,2 R ™ Ts1,2
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Mo, vacuum permeability; v, distance between the metal ion and the water hydrogen of the coordinated
water molecule; i, proton magnetogyric ratio; g, electronic gyromagnetic factor; s, Bohr magneton;
wsu Larmor frequency of electron or proton; z.i», correlation time for magnetic fluctuation; 7z,

rotational correlation time and zv, water residence time in the inner coordination sphere

Among all these parameters, three were proven to have a huge influence on the relaxivity at the
magnetic fields used in clinic (the clinical window), the number of coordinated water molecules
(¢), the rotational correlation time (7r) and the water residence time in the inner sphere (zm).
(Figure I1.4) In order to increase g, it is necessary to modify the ligand structure to decrease the
number of donor sites and hence its denticity. Such modifications can thus lead to a
destabilization of the complex, characterized by a lower stability constant. On the other hand,
r can be modified by grafting the small complexes on a bigger structure. Indeed, the larger the
molecule, the longer will be its rotational correlation time, with a beneficial effect on the
interaction between the nuclear and electronic spins, and thus on the relaxivity in the clinical
window. (Figure I1.5) Concerning zm, the chemical nature of the donor groups of the ligand will
have a huge influence. It has notably been shown that amide donor groups will lead to longer
water residence time in the inner sphere as compared to carboxylate groups, which has a

detrimental effect on the relaxivity of the complex (as shown on Figure I1.6).!17:15
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Figure I1.4. P, paramagnetic center; 7s12, longitudinal and transversal electron
relaxation times; 7, shortest approach distance; ¢, number of coordinated water
molecule; v, residence time of the water molecule in the inner sphere; v,
rotational correlation time.
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Figure I1.5. "TH NMRD profiles showing the increase of the relaxivity in the clinical window as a function of the
increase of the rotational correlation time tr (A) Short zr (0.1 ns for MS-325) (B) middle 7= (~1 ns for EP-1084)
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Figure IL.6. Influence of tm on NMRD profiles for small Gd-complexes at
constant values of tso (100 ps), v (20 ps) andtr (100 ps), showing a
decrease in 1 relaxivity correlated with an increase of tm. (~ 100 ns).
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In the following sections, all of those three parameters will be evaluated according to different

methods.

11.2.3.1 Determination of the number of coordinated water molecules

The determination of the number of water molecules in the inner coordination sphere
(g) is very important to estimate the efficacy of the complexes as MRI contrast agents, as the
longitudinal proton relaxivity 7 is directly related to this number. Two different techniques
were used to determine this g parameter for the Mn(II) complexes, developed by E. Gale et
al.,'®® and by J. Peters and C. Geraldes, respectively.!®! The first technique is based on 'O
NMR spectroscopy where the water transverse relaxivity 7, is measured as a function of
temperature. In a similar way as 1, 72 is defined according to the linear variation with metal

concentration of the transversal relaxation rate R,=1/7>, and is equal to:

(%)_Rg (water) 1.

2+
[Mncomplex]

T, = mM! (Equation I1.5)

where 75 is the transverse relaxation time, and R, represents the diamagnetic contribution of pure water.
p g p

The method is based on the maximum '’O transverse relaxivity, 7%max, measured in this case at
low temperature. (Figure I1.7) This equation is obtained by different approximations, as
explained by E. Gale ef al., and the r2max measured at 11.75 T leads to the results shown in

Table II.1. The number g is approximately the same for all complexes and close to one. !

0
T2max

q= - (Equation I1.6)

To confirm these results, a second technique was used, based on the measurement of
NMRD profiles (i.e. the water proton longitudinal relaxivity »1 as a function of magnetic field
or proton resonance frequency) at 25°C, developed by J. Peters and C. Geraldes.!®! (Figure I1.8)
This is based on another equation related to the proton longitudinal relaxivity at low field, rip

(taken on the plateau of the NMRD profile) and the formula weight (FW) of the complex.
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q=5- {1_6(_2217"”WX ) (Equation I1.7)
The results (Table II.1) confirm the presence of one coordinated water molecule in the inner
sphere for the four synthesized complexes. The slight difference between the results coming
from the two techniques can be explained by the fact that both methods rely on different
approximations. The presence of one coordinated water molecule is an interesting result since
it shows that the presence of the arm on the pyridine moiety, with or without amide bond, does
not change the number of coordinated water molecules, meaning that this appended
functionality does not participate to the coordination bonds with the manganese ion. It will thus

allow further grafting of molecules of interest (see Chapter IV of this thesis).
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Figure I1.7. Measurements of the 'O water transverse relaxivity versus the inverse of temperature, at 11.75 T, in
the presence of the different Mn-complexes at 2.06 mM (MnL1H, triangles), 2.58 mM (MnL>COOr, stars), 2.05
mM (MnL3;CH, circles) and 1.21 mM (MnL4NH3", squares) concentration in order to determine the number of
inner sphere water molecules (g) from Equation 11.6 in reference 160 as a function of the maximum value 7*2max.
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Figure I1.8. NMRD profiles at 25°C in order to determine the number of inner sphere water molecules (q)
from Equation II.7 in reference 161 as a function of the plateau value (r1,) at low frequency and the formula
weight (FW) for the four complexes: MnLiH (triangles), MnL.COO" (stars), MnLsCH (circles) and
MnL4NH3" (squares).

Table II.1. Evaluation of the number of coordinated water molecules in the inner sphere for all

complexes (g) by the two different relaxometric techniques described in the text.

P (67 mM rip (s mM™)
(67.8 MH2) q (Eq. 2.6) (25°C and q (Eq.2.7)
0.02 MHz)
MnLH 419.2 0.82+0.2 7.7 1.25+04
MnL,COO 458.4 0.90+0.2 8.3 1.30+ 04
MnL;CH 473.4 0.93+0.2 9.4 1.35+04
MnL4NH;" 478.6 0.94+0.2 10.0 1.42+0.4

11.2.3.2 Determination of the exchange rate of the coordinated water molecule

The technique which allows to determine the lifetime of the coordinated water molecule
was developed by T. Swift and R. Connick.!'6? It is based on the measurement of the 'O
transverse relaxation rate as a function of the inverse of temperature, as for the determination
of g for the Mn(II) complexes. (Figure 11.9). The results (Table I1.2) show that the coordinated
water molecule is in a fast exchange regime for the four studied complexes since residence

times v of the order of 6 ns are obtained.
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Figure 11.9. Measurements of the 'O water transverse relaxation rate as a function of the inverse of
temperature, at 11.75 T, on solutions of each complex at 2.06 mM (MnLiH, triangles), 2.58 mM
(MnL»COQ;, stars), 2.05 mM (MnL3CH, circles) and 1.21 mM (MnLsNH3", squares). The continuous
lines represent fits by the theoretical model developed in reference 162, with the parameters displayed

in Table I1.2.

Table 11.2. Determination of the residence time at 37°C and 11.75 T of the coordinated water molecule

(Ty), as well as the other parameters characterizing this exchange : A/, the hyperfine coupling constant

between the oxygen nucleus of the bound water molecule and the Mn?* ion; 7, the correlation time

modulating the electronic relaxation of Mn?"; E,, the activation energy related to 7,; B, related to the
g gy

mean-square value of the zero-field splitting energy, A, trough B = 2.4A% AH” and AS” the enthalpy and

entropy of activation, respectively, of the water exchange process. The number of coordinated water

molecules was setto g = 1.

AH? AS* Al 298K
Ty (ns) B (10%s?) E, (kJ'mol™")
(kJ'mol")  (Jrmol-K!)  (10°rad-s™) (ps)
MnL:H 6.5+04 29.7+£0.1 74402 -39.9+25 33+0.1 1.4£0.1 332+3.1
MnL.COOr 6.1£0.7 324402 16.7+0.3 -39.9+0.8 52+0.6 32+0.5 36.3+4.6
MnL;CH 8.4+£0.9 263+£0.2 -5.7+0.3 -37.8+1.15 1.2+0.1 1.2+04 36.9+7.5
MnL4NH3" 6.35+0.7 25.1+0.1 -7.4+£0.8 -32.2+0.7 0.2+0.3 1.6+2 39.9+38.1

11.2.3.3 Relaxometric measurements and NMRD profiles to assess the efficiency as MRI

CAs

As a reminder, the relaxivity is defined as the increase of the water proton relaxation

rate induced by one mmol per liter of paramagnetic complexes. Longitudinal (r1) relaxivities

were measured at 37°C and respectively 0.47 T (20 MHz) and 1.41 T (60 MHz) (Table I1.3).
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They are lower than that of the commercially available gadolinium complexes (the data for Gd-
DOTA are, for comparison, 3.5 s'-mM™" at 20 MHz and 3.1 s'-mM™" at 60 MHz and 37°C), as
expected, partly due to the intrinsic lower number of unpaired electrons for manganese (5)
compared to that for gadolinium (7). The relaxivities could however be increased by grafting
the complexes on macromolecular entities that would reduce the tumbling rate of the complex,
which enhances the interaction time between the nuclear magnetic moments of the water
protons and the orbital one of the paramagnetic complex during an echo time of the NMR
radiofrequency field pulse sequence, and therefore the spin relaxation mechanism.!3¢ This was

envisioned as an outlook of the current chapter and will be the topic of Chapter IV.
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Figure I1.10. 'H NMRD profiles at 37°C for Mn?*-complexes, showing the longitudinal relaxivity at
varying proton Larmor frequencies (aka varying magnetic field). The straight lines show the theoretical
fitting based on the theory of Bloembergen and Solomon, 136138

NMRD profiles were acquired for the four pyclen-based manganese complexes in order
to evaluate the efficacy of each complex depending on the magnetic field or frequency used.
The fitting of these profiles according to the theory of Solomon and Bloembergen allows
extracting important parameters to understand this efficacy such as the rotational correlation
time (tg) or “tumbling time”, the electronic relaxation time at zero field (tgq9 = 75 =
Tg, at H = 0) and the correlation time that modulates electronic relaxation (ty).!>¢!5® Among
the four studied complexes, MnLH has a 1 NMR dispersion profile below the other curves,
especially at low field. This difference can be explained by the electronic properties of the
complex which are slightly less favorable than for the other ones: tgq is indeed lower compared
to the values of the three other complexes. This is again encouraging for the future studies
where we plan to graft other molecules thanks to the arm present on the pyridine moiety. (Figure

I1.10) It is also important to note that NMRD profiles do not exhibit scalar dispersion, which is
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observed for the octahedral-aquated Mn(II) ions. For Mn-complexes, the scalar distribution is
rarely observed and takes place for longer 7, and for slower electronic relaxation than those

obtained in this work.!2!

Table I1.3. Results of the theoretical fitting of 'H NMRD profiles at 37°C with Bloembergen and
Solomon’s theory using the MINUIT minimization software. Parameters, such as the distance of closest
approach (dnmr) and the water diffusion coefficient (D) governing the outer sphere mechanism, or the
distance between the coordinated proton of the water molecule and the manganese ion (7) related to the
inner sphere mechanism, can be set constant during the fitting procedure thanks to their prior
determinations.'>*'** The values of ¢ and 7v used were also predetermined thanks to their separate
evaluation described above, thereby allowing to evaluate the rotational correlation time (zgr), the
electronic relaxation time to ground level at zero magnetic field (z5o) and the correlation time that

modulates electronic orbital relaxation (zv).

MnLH MnL,COO MnL;CH MnL4NH3*
dnmr (nm) [a] 0.36 0.36 0.36 0.36
D (m*-s™) [a] 3.3x10” 3.3x10° 3.3x10” 3.3x10°
r (nm) [a] 0.28 0.28 0.28 0.28
TR (ps) [b] 48.7+3.8 57+5.2 65.6 £ 0.85 59+0.6
Ty (ns) [a] 6.5 6.1 8.4 6.35
Tso (ps) [b] 119+19.2 155+29.5 224+31.6 272+ 6760.0
Ty (ps) [b] 57+1.2 34+0.7 8.7+8.0 3.1+61.6
q [a] 1 1 1 1
r1at 20MHz
(s"-mmol-L) 2.6 2.7 32 2.9
71t GOMHz 24 2.6 3.3 24

(s'*mmol!-L)

[a] Parameters pre-set at constant values during the fitting procedure [b] Parameters obtained by the fitting of NMRD profiles

with Bloembergen and Solomon’s model.

11.2.3.4 Transmetalation evaluation

It is now well-established that the kinetic inertness of a complex is a more important
parameter than its intrinsic thermodynamic stability for in vivo applications. In order to define
the stability of the manganese complexes against the most important endogenous divalent metal
cations present in body fluids (Zn**, Cu?*, Ca?*, Mg?"), a transmetalation study was performed

in the presence of Zn(II) as exchanging metal cation. The choice of Zn** ions as challenger to
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assess the in vivo transmetalation behavior of the Mn(II) complexes was governed by the

following considerations:!63:164

i) three of the four competitive endogenous cations are
diamagnetic and therefore do not respond to NMR (except Cu®* ions which are paramagnetic)
; i) Zn?* is the second most abundant transition metal in the human body (33 ppm) after Fe**
(60 ppm); iii) for a given exogenous ligand, complexes of Zn>" as well as Cu?* have generally
higher stability than the corresponding Mn?* complex as ascribed to LFSE effect (ligand field
stabilization energy), whereas alkaline earth ions Ca?" and Mg?*, although present at higher
concentrations in blood plasma than Zn**, form generally less stable complexes with the
exogenous ligands generally studied for Mn?* due to their absence of d electronic orbitals; iv)
the concentration of Zn?* in blood is higher compared to that of Cu?* (5 to 100 times higher).!6®
As previously described by our team,'®*1%6 the transmetalation rate was assessed by measuring
the progress of the proton relaxivity at 37°C and 20 MHz. The method consists in using a
solution of the Mn-complexes at a concentration of 2.5 mM in phosphate buffer in the presence
of an equimolar amount of zinc chloride. The proton longitudinal relaxation time (7}) is then
measured in order to determine the paramagnetic relaxivity Ri? as a function of time. Indeed,
when the exchange between Mn?* and Zn?" takes place, a precipitate of manganese phosphate
(either Mn3(POs4)> or MnPQOs) is formed. This process leads to an increase of 771 and thus a
decrease of R\P compared to its initial value RiP(+=0), as ascribed to the decrease of
paramagnetic ion concentration in solution.

The results are similar for all the studied Mn complexes and show, during the first day,
a small fast yet transient increase of the ratio Ri?/Ri?(+=0), which could be due to the presence
of transient polynuclear species coordinated to both Mn?" and Zn?*. This step is followed by a
decrease of about 50% of the relaxation rate due to the formation of the insoluble solid as
explained previously. This decrease is however quite slow (#12 half-life of approximately 1350
min) and we can notice that at the first measurement of the second day, the relaxation rate

reached 80% of the initial value. (Figure I1.11)
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Figure II.11. Evolution of the normalized paramagnetic longitudinal relaxation rate in order to evaluate the
transmetalation kinetics between manganese and zinc ions for the four Mn?*-complexes: MnLH (triangles),
MnL2COO (stars), MnLsCH (circles) and MnL4NH3* (squares). Experiments were performed during 5 days in
phosphate buffer at 20 MHz and 37°C. The concentration of Mn-complexes and of competing Zn(II) salt used
is 2.5 mM, which is much higher than its normal physiological level (~10 puM).!%4

As a conclusion, even though this study highlights a lack of kinetic stability towards the
transmetalation with zinc ions after a long time, we can be confident for the use of those
complexes in vivo given their expected fast clearance from the organism. Further in vitro
toxicity and in vivo pharmacokinetic studies are however necessary to definitively demonstrate
the biosafety of these paramagnetic MRI CAs, and a first study will be presented in the next

sections.

11.2.3.5 Phantom images

To record an image, a slice was excited with a radiofrequency (RF) pulse associated
with a magnetic field gradient. In the sequence, two parameters are important to define the
image contrast: the time between the repetition of two sequences (TR) and the echo time
between the first RF pulse and the detection of the signal (TE). Two different sequences were
used in this work: (i) the RARE sequence (rapid acquisition by repeated echoes) allows to
record rapid spin-echo MR imaging. It consists in one 90° pulse followed by a determined
number of successive 180° pulses (called “a train”), each used to encode one line of the same
image. (ii)) The FISP sequence (fast imaging with steady- state precession) is a gradient echo
sequence using a low angle pulse to excite the spins. It allows very short TR and TE for 71-

weighting and can also be set to record 7>"-weighted images.
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T1-weighted images allow to discriminate tissues characterized by different water
proton longitudinal relaxation times 71, by carefully defining the parameters TR and TE: TR
should be small, so that the return of magnetization to its equilibrium value depends on the
tissue according to its 71, allowing to obtain a contrast between tissues based on 7. Tissues
characterized by a short 7' present a high recovery of their magnetization and hence a good
signal, whereas tissues characterized by a long 77 present a low recovery of their magnetization,
and hence a poor signal. TE should also be small to avoid any tissue differentiation based on 7>

differences.

As a proof of concept of the use of these manganese-complexes as MR CAs, phantom
MR images were recorded both at preclinical (9.4 T) and clinical magnetic fields (1 T), for each
manganese complex at a concentration of 0.5 mM, and compared with Gd-DOTA at the same

concentration and with pure water. (Figure 11.12)

Gd-DOTA

Figure II.12. Phantom images recorded at approximately 37°C under two different magnetic fields (1 T

and 9.4 T) of each Mn**-complex at a concentration of 0.5 mM compared with a commercial Gd-complex,

Gd-DOTA, at the same concentration, and with pure water. RARE sequence for I T and FISP for 9.4 T.

As expected, the Ti-weighted images are highlighted for the four Mn-complexes
compared to pure water, but their contrast is less enhanced than with Gd-DOTA. Among the
Mn-complexes, we can also notice a smaller highlighting effect for MnLiH, which can be
related to its smaller relaxivity because of the absence of the arm on the pyridine structure

(Figure I1.1; Table 11.4).
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Table I1.4. Values of longitudinal relaxivity calculated from the water proton relaxation time 7

measured at approximately 37°C under a field of 9.4T (400 MHz).

MnLH MnL,COO MnL;CH MnLsNH;" Gd-DOTA

r (sT-mM™)
9.4T, 37°C

2.8+0.1 27+0.1 3.1+0.1 2.95+0.1 32+0.1

I1.2.4 In vivo experiments

The in vivo experiments being performed at 1 T and 9.4 T, the longitudinal relaxivity of
the two tested complexes was measured at high field (7 T and 11.75 T) and 37°C. The NMRD
profiles shown at Figure I1.10 were thus completed with those new values and shown at Figure

II.13.
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Figure I1.13. 'H NMRD profiles at 37°C for Mn**-complexes, showing the longitudinal relaxivity
at varying proton Larmor frequency (aka varying magnetic field). The straight lines show the
theoretical fitting based on the theory of Bloembergen and Solomon,!5¢-158
After injection of a 100 pmol Mn/kg dose, results both at 1 T and 9.4 T evidence a signal
enhancement higher than 100% for both complexes in kidney pelvis with higher enhancement
for MnL,COOr. This observation is in accordance with the NMRD profiles recorded. An
enhancement of roughly 30% (20-40%) is observed in the liver up to 2 hours post-injection,
suggesting that manganese ions are distributed in this tissue. (Figure AIlL.1 ; Figure AIL.2) A
signal enhancement above 100% that was observed in the gallbladder of some mice somehow
confirmed hepatocyte uptake of manganese and its biliary excretion. (Figure AIL3 ; Figure
AllL4)
Figure 11.14 evidences the biodistribution of MnLH with a clear enlightenment in the
kidneys compared to pre-injection, which is more evidenced on images acquired at 9.4 T. Figure
I1.15 evidences the biodistribution of the second complex, MnL,COQO", and leads to the same

observation. When comparing signal enhancements allowed by both ligands, the enlightenment
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of kidneys for the second complexes appears higher, which corroborates the relaxivity

measured at an equivalent magnetic field.
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The contrast observed in the kidneys evidences rapid clearance of manganese

complexes. Indeed, a signal increase quickly appears after injection and is visible (with different
behaviors in cortical region and pelvis) within the 2 hours of observation; a weak signal remains
after one day in the cortical region and no signal enhancement is detected after seven days. This
suggests that the main clearance organ is kidney. Dynamic images were recorded at 9.4 T
before, during and up to 16 minutes after injection. Measurements were focused on plasmatic
compartment (signal enhancement in heart left ventricle). As expected, enhancement in first
minutes is more pronounced for the second complex. The signal quickly decreases over time
(visually as an exponential function) due to an expected large extracellular distribution and a
fast renal filtration of the rather small complexes. (Figure AILS ; Figure AIL.6) Regarding the
late (D1) signal observed in the kidney cortical region, it can be induced by the modification of
the water protons relaxation time due to the presence of the contrast agent, or by a modification
of the viscosity of the fluids present in renal tubules. Indeed, researches have shown that
contrast media, particularly iodinated molecules used in CT-scan, induce an increase of the
viscosity measured in urine, also decreasing tubular flow rate. Nevertheless, the mechanism
that induces this phenomenon is still not well known.'¢7-16?
A modest signal enhancement can also be evidenced in the liver up to 2 hours post-injection. It
disappears at day 1 and is no longer present at day 7 but allows to suppose that liver contributes
to some clearance. This observation may lead to the hypothesis that Mn?*-complexes could
release free Mn?* ions, that would be taken up by organs such as the liver via channels or carriers
(also as calcium “analog”).!”° Manganese ions (used as co-factor for several enzymes) would
then undergo elimination through the hepato-biliary way. This phenomenon was indeed
evidenced in different studies.!”'"!’* For instance, Mn-DPDP has a structure similar to vitamin
B6, and enters the hepatocytes via the vitamin B6 carrier. The hepato-biliary way of elimination
was observed for Mn-DPDP and could also be explained by the uptake of free Mn?*, then
undergoing biliary excretion via metal transporters.!”>!76 Nevertheless, all of these hypotheses
have to be confirmed by further studies that would investigate the in vivo behavior (Mn**
release, (hepato)cellular uptake, elimination) of our four types of complexes.

To evidence cell damages or inflammation induced by the injection of Mn?*-complexes,
blood was collected from each mouse to extract the plasma and evaluate different markers
allowing to highlight injuries of those tissues. The first two markers are GOT (glutamic oxacetic
transaminase or aspartate aminotransferase), and GPT (glutamic pyruvic transaminase or
alanine aminotransferase), which are released by cells from damaged tissues or organs.!”” The

third marker, LDH, lactate deshydrogenase, monitors the same type of failures than GOT and
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GPT which are released after cell death. Kidney failure was evaluated by BUN (blood urea
nitrogen) dosage and cannot be evaluated by uric acid dosage due to a too weak concentration
in plasma. Concerning the BUN dosage, kidneys show no significant modification compared to
control (p > 0.05). For the three other evaluated markers, p remained above the significant value
when comparing plasma from injected animals to those from controls. Nevertheless, results
show a weak increase of GOT, GPT and LDH values. This could be explained by the low
number of blood samples (n = 3). If the same tests were performed on a larger number of
samples, the difference could become significant. If those markers indeed show a significant
increase, it could mean that MnLH and MnL>COO" induce damages to tissues as the liver, and
cell death. (Figure I11.16) As suggested by MR images, renal excretion is the main clearance
mechanism for the complexes, but this does not seem to negatively impact kidneys according
to BUN dosage (histological studies could help in confirming that). Nevertheless, manganese
ions arising from supposed decomplexation might induce toxic impact on organs such as the
liver. Indeed, it may seem obvious that free manganese ions are taken up and excreted by liver
cells via existing manganese trafficking pathways, rather than the complex itself. The dosage
of markers GOT, GPT and LDH, together with observations made on images, may confirm the
hypotheses of hepato-biliary manganese clearance with a possible toxic impact on the liver.
The hypothesis of in vivo decomplexation can be correlated with transmetallation tests

explained above, where a partial decomplexation was observed. (Figure 11.11)
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Figure 11.16. Analyses of different factors present in plasma (GPT, GOT, BUN
and LDH) able to evidence inflammatory reactions or failures in organs (* n = 2
due to insufficient volume in plasma or aberrant values, otherwise n = 3)
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I1.3 Conclusions and perspectives

Four pyclen-based complexing agents were synthesized and the molecular structure of
intermediated compounds after each step of the synthesis was characterized. The corresponding
manganese complexes were prepared and fully characterized by advanced NMR relaxometry
methods to evaluate the parameters governing their properties and efficacy as paramagnetic
MRI contrast agents. This characterization is important in order to evaluate if the complexes
have an efficacy close to the commercial gadolinium complexes, and could potentially replace
them on market, if they pass further evaluation of their biosafety.

Although these Mn-based compounds have been shown to be slightly less effective than
the marketed Gd-based compounds as ascribed to lower magnetic moment of the metal, the
potential of these pyclen-based chelating compounds remains high. Their relaxivity could
indeed be improved by different ways. Firstly, it will be possible to play on the rotational
correlation time of the complex by blocking them in a nanostructure either organic (e.g. micelle
or vesicle) or inorganic (e.g. silica nanoparticle), while keeping sufficiently small
hydrodynamic size and stealthness to allow rapid clearance when injected in systemic
circulation (which is a prerequisite for CAs used in clinic). Moreover, the additional chemical
functions on the pyridine moiety will allow conjugation to biologically relevant vectors such as
peptides or antibodies in order to target specific pathologies. On the basis of reported results,
further improved kinetic inertness of the Mn?*-complexes might be obtained in future by
replacing the two acetate complexing groups by non-ionizable groups such as amides; in this
case, the positive charge on the resulting cationic Mn?*-complexes could be protective against
acid-assisted dissociation, although grafting of neutral macromolecules might be necessary in
that case to insure stealthness against adsorption of blood plasma proteins. It will nevertheless
be important to verify that the presence of those amide functions does not increase too much
the residence time in the inner sphere of the coordinated water molecule, which would impart
longitudinal proton relaxivity. As a conclusion, these preliminary results show very
encouraging properties of pyclen derivatives for MRI contrast properties, although further study
is necessary to demonstrate that they can replace gadolinium complexes in clinical diagnosis of
diseases (cancers, strokes...). In vivo images show interesting results, indicating a major
clearance mechanism that involves kidneys. Nevertheless, the other elimination ways
(involving the liver) have to be investigated as they suggest that the stability of the complex has
to be ensured in vivo. Thus, the cellular uptake and excretion mechanisms (Mn or Mn-complex),

as well as the possibility of (in vivo) decomplexation have to be enlightened by further
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biological studies. Those Mn-complexes remain thus an alternative way to avoid the issues of
Gd-complexes, although improvements still must be undergone to eventually achieving a

clinical assay on humans.
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I1.4 Annexes
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Scheme AlI.1. Synthesis pathway to obtain the pyrldlne compounds 6a and 6b : (p) HBr (aq, 48%), H2SOx4 (aq,
96%), reflux 31 h'3%; (q) hydroxypyridine, NaOH, formaldehyde, acetic acid, DMF, 90°C over 90 min following
by r.t. overnight; (r) K2COs, EtOH, H20, r.t., 3 h; (s) BrCH2CO2Et, DMC, 80°C, 1 h 30; (t) CBrs4, PPhs, CH3CN,
0°C to r.t., overnight.
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Figure AIlL.1. Detected signals over time on mice measured at 9.4 T on different zones of interest (liver on the
upper left; cortex on the upper right, pelvis on the below left) to enhance the resulting contrast compared to a
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Figure AIL2. Detected signal over time on mice measured at 1 T on different zones of interest (Liver on the

upper left; cortex on the upper right; vena cava on the below left and pelvis on the below right) to enhance the

resulting contrast compared to a reference (n = 3 for MnL1H and n = 3 for MnL.COO").
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Figure AIL3. Enlightenment phenomenon of gallbladder and urinary bladder at two different magnetic fields
induced by MnL:H over time.
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Figure AIL4. Enlightenment phenomenon of gallbladder and urinary bladder at two different magnetic fields induced
by MnL,COO" over time.
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Figure AILS. Dynamic rate of enhancement in the left ventricle (LV) of the
heart for both ligands at 9.4 T, from injection to 16 minutes post-injection,
showing a signal increase that is more pronounced for the second ligand in
first minutes, followed by a progressive decrease of the signal (n = 3 for
both ligands).
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Pre inj 6 min 16 min

. ] ]

MnLiH

MnIL.COO-

Figure AIL.6. Dynamic MRI images (that consist of taking images each minute from the injection to approximately
20 min leading to the formation of a little movie allowing to follow the enlightenment) at pre-injection, during
injection, 6 min and 16 min post-injection for both ligands at 9.4 T using FISP sequence.
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I1.5. Materials and methods

11.5.1 Chemical Materials

11.5.1.1 Chemical and physical measurements

The NMR spectra ('H, *C, COSY, DEPT) were recorded at 298K and reported in ppm.
(Bruker® AVANCEII-500 at 500 MHz, Bruker® AVANCE NEO at 400 MHz or Bruker®
AVANCE NEO at 600 MHz, USA). The multiplicity of the peaks is defined as s (singlet), d
(doublet), t (triplet) and m (multiplet). The reactions were monitored by mass spectrometry
(Waters®, ZQ-2000, USA) and all the compounds were characterized by mass spectrometry
(Waters® ZQ-2000, Waters® QDa, Waters® Quattro Premier or Waters® QTofUs, USA). The
ESI-LRMS was performed on 3200 QTrap (AB Sciex). The pH was controlled by Mettler Toledo®
fiveEasy pH/mV (Swiss). The relaxometry and NMRD profiles measurements were performed
on Bruker® MiniSpec at 20 and 60 MHz at 37°C (USA) and on a fast field cycling (FFC)
relaxometer between 0.02 and 40 MHz (Spinmaster, Stelar®, Italy). 'O NMR measurements
were performed on a Bruker® AVANCEII-500 at 67.8 MHz. The MRI measurements were
performed at 1T (Bruker® ICON, USA) and 9.4T (Bruker® Biospec, USA) with a Rapid
Acquisition with Relaxation Enhancement sequence (RARE) (1T: TE = 12 ms, TR = 300 ms,
resolution = 258 x 255 um, RARE factor = 2, 8 averages, slice thickness = 1.25 mm; 9,4T: TE
= 8 ms, TR = 389 ms, resolution 172 x 176 microns, RARE factor = 1, 4 averages, slice
thickness = 1 mm, fat suppression) or with fast imaging with steady-state precession (FISP)
(TE=1.5 ms, TR = 4.4 ms, flip angle = 15°, 5 averages, resolution = 125 x 125 x 1000 um, 20
repetitions (4 before injection) were scanned for dynamic signal enhancement acquisitions (1
min time resolution). Image analysis was performed using ParaVision 5.1 (Bruker, USA) tools,
by drawing of regions of interest in liver, kidney (pelvis and outer region (cortex possibly
including OSOM (outer segment of outer medulla), gallbladder, when possible, vena cava (1T)

or heart left ventricle (9.4T FISP images).

11.5.1.2 Chemical material and methods
The flash chromatography was performed on Biotage® flash chromatography using pre-
packed cartridges. The collection is based on absorption at 254 and 270 nm by UV detection.
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11.5.2 Chemical Methods

11.5.2.1 Synthesis of the lower part
2-Nitro[N(2{2[(2-nitrophenyl)sulfonylamino]ethylamino} )-ethyl]benzenesulfonamide

compound 2: 1t is synthesized according to the protocol of Devreux et al.'¥

Benzyl  N,N-bis(2-((2-nitrophenyl)sulfonylamino)ethyl)carbamate compound  3:
DIPEA (7.7 mL, 44.2 mmol, 1.2 eq) is added to a solution of disulfonamido amine 2 (17.6 g,
37.1 mmol) in THF (100 mL), followed by benzyl chloroformate (6.3 mL, 44.1 mmol, 1.2 eq)
in one portion. The reaction is stirred overnight during which insoluble matter appeared. The
mixture is concentrated to dryness. The crude material is taken up in CH>Cl, (100 mL), and is
washed with water (4 x 30 mL). The organic layer is dried then concentrated to dryness to afford
the desired compound 2 as a brown oil (21.2 g, 34.8 mmol). Yield 94%. 'H NMR (CDCls, 400
MHz) & (ppm): conformed to reported data of Kim et al.'”

Di-tert-butyl 2,2'-(((((benzyloxy)carbonyl)azanediyl)bis(ethane-2,1-diyl))bis

(azanediyl))diacetate compound 5b: A suspension of the previously prepared compound 3
(1.61 g, 2.65 mmol) with potassium carbonate (810 mg, 5.86 mmol, 2.2 eq) in acetonitrile
(22 mL) is refluxed for 15 minutes. tert-Butyl bromoacetate (900 pL, 6.09 mmol, 2.3 eq) is
added in one portion. The reaction is monitored by MS and/or TLC (Cyclohexane/AcOEt 1/1
v/v, UV detection). After 1.5h, total conversion of both the starting triamine 3, and of the mono-
N-alkylated intermediate 4a is observed leading to the di-N-alkylated disulfonamide 4b. The
reaction mixture is cooled, and a second portion of potassium carbonate (1.60 g, 11.92 mmol,
4.4 eq) is added, followed by thiophenol (810 puL, 7.94 mmol, 3.0 eq) in one portion. The
reaction is monitored by MS and/or TLC (Cyclohexane/AcOEt 1/1 v/v, UV detection;
CHCl2/MeOH 97.5/2.5 v/v, UV and ninhydrin stain detection). After 2.5h, total conversion of
the intermediate compounds 4b and 5a is obtained. The reaction mixture is allowed to cool to
room temperature. Insoluble matter is filtered off through Celite®, and the organic filtrate is
concentrated to dryness. The resulting canary yellow colored oil is purified by chromatography
on silica gel (CH2Cl./MeOH 10/0 to 8/2 v/v) and led to the desired product 5b as an orange oil
(1.051 g, 2.26 mmol). Yield 85%. 'H NMR (CDCls, 400 MHz) & (ppm): 1.44 (s, 18H, -tBu);
2.73-2.90 (m, 4H, -N-CH,-CH»-N-); 3.22-3.36 (m, 4H, -CH,-CO2tBu); 3.44 (broad s, 4H, -N-
CH>-CH»-N); 5.12 (s, 2H, -CH>-Ph); 7.26-7.38 (m, 5H, CHa,). *C NMR (CDCl;, 100 MHz)
O (ppm): 28.1 (-tBu); 47.7, 48.0, 48.2, and 48.5 (-N-CHz-CH»2-N); 51.2 (-CH2-CO2#Bu); 67.3 (-
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CH,-Ph); 81.6 (CquatBu); 127.9, 128.0, and 128.6 (CHa,); 136.7 (CquatPh); 156.4 (-N-CO,Ph);
171.0 (-COstBu).

11.5.2.2 Synthesis of the upper parts
2,6-Bis(bromomethyl)pyridine compound 6a: 1t is synthesized according to the protocol
of Dioury et al.'%

Ethyl ((2,6-bis(bromomethyl)pyridin-3-yl)oxy)acetate compound 6b: 1t is synthesized

according to the protocol of Devreux et al.'¥

11.5.2.3 Synthesis of MnPy(COO);-H (Compound MnLH)

Benzyl 3,9-bis(2-tert-butoxy-2-oxo-ethyl)-3,6,9,15-tetrazabicyclo[9.3.1] pentadeca-
1(14),11(15),12-triene-6-carboxylate compound 7a: Solid Na,COs3 (480 mg, 4.53 mmol, 4 eq)
is added to a solution of diamine lower part 5b (530 mg, 1.14 mmol) with
2,6-bis(bromomethyl)pyridine 6a (401 mg, 1.52 mmol, 1.3 eq) in acetonitrile (115 mL). The
suspension is refluxed until completion of the reaction (MS and/or TLC monitoring; 1 hour).
The insoluble matter is filtered off, and the filtrate is concentrated to dryness. The crude material
obtained is purified by chromatography on silica gel (CH>Clo/MeOH, 100/0 to 98/2 v/v). to give
the desired compound 7a as a thick oil (253 mg, 0.445 mmol). Yield 39%. 'H NMR (CDCl;,
400 MHz) & (ppm): 1.43, and 1.44 (2 s¥, 18H, -tBu); 2.68-2.90 (m, 4H, -N-CH>-CH>-N-); 3.16-
3.27 (broad t, J 7-7.80 Hz, 4H, -N-CH,-CH>-N-); 3.34, and 3.41 (2 broad s*, 4H, -N-CH>-);
3.91-4.06 (m, 4H, -N-CH>-); 5.01 (s, 2H, -CH»-Ph); 7.13-7.31 (m, 7H, Ph, and -CH-C(N)-
CH=CH); 7.61 (t, J7.6 Hz, 1H, -CH>-C(N)-CH=CH). “Double signal that may be due to
rotamers (carbamate bond: free-rotation obstruction) *C NMR (CDCls;, 100 MHz) & (ppm):
28.2 (-tBu); 44.9, and 45.3% (-N-CH,-CH,-N-); 51.6, and 52.1% (-N-CH>-CH»-N-); 59.0, and
59.2% (-N-CH>-); 60.0, and 60.2% (-N-CH;-); 66.8 (-CHz-Ph); 81.2 (CquatBu); 122.9 (-CHa-
C(N)-CH=CH); 127.6, 127.8, 128.4 (3 CHa/Ph); 137.0 (CquatPh); 137.5 (-CH2-C(N)-CH=CH);
156.1,157.3,157.7% (NCO2, and 2 CquaPyr); 170.6 (CO,). $Although the symmetrical structure,
each 13C appears to be diastereotopic; that may be due to rotamers from the carbamate bond

(free-rotation obstruction). ¥Broad and small signal.

tert-Butyl 2-{9-[2-(tert-butoxy)-2-oxoethyl]-3,6,9,15-tetraazabicyclo[9.3.1] pentadeca-
1(14),11(15),12-trien-3-yl}acetate compound 8a: Compound 7a (240 mg, 0.42 mmol) is
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solubilized in EtOH following by the addition of Pd/C (24 mg). The solution is stirred 10 days
under H; at atmospheric pressure. Insoluble material is filtered through Celite® and the filtrate
is concentrated at relatively high temperature to eliminate the toluene, which is the by-product,
to give the desired compound 8a. The crude product is directly engaged in the next synthesis
step. '"H NMR (CD30D, 500 MHz) & (ppm) : 1.46 (s, 18H, -tBu); 2.64-3.01 (broad s, 4H, -N-
CH>-CH>-N-); 3.31 (broad t, J 5.3 Hz 4H, -N-CH>-CH>-N-); 3.51 (s, 2H, N-CH>-N-); 3.99 (s,
4H, -CH»-CO:tBu); 7.01 (d, J 7.66 Hz, 1H, -CH=CH-CH=); 7.56 (t, J 7.65 Hz, 1H, -CH=CH-
CH=).

2-[9-(Carboxymethyl)-3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(14),11(15),12-trien-
3-yl]acetic acid compound 10a: Compound 8a (10 mg; 0.023 mmol) is solubilized in
dichloromethane (1 mL) and stirred, followed by the addition of trifluoroacetic acid (1 mL).
Overnight, the solution is concentrated and washed two times with diethylether (4 mL) to give
the desired compound 10a (12 mg, 0.018mmol). Yield 79.8 %. 'H NMR (CD;OD, 500 MHz)
6 (ppm): 3.11 (broad t, J 5.21 Hz, 4H, -N-CH>-CH>-N-); 3.21 (broad t, J 5 Hz, 4H, -N-CH>-
CH>-N-); 3.62 (s, 4H, -N-CH>-N-); 4.12 (s, 4H, -CH>-CO:tBu); 7.25 (d, J 7.71 Hz, 2H, CH=CH-
CH=);7.79(t,J 7.7 Hz, 1H, -CH=CH-CH=).

2-(12-{[(2-aminoethyl)carbamoyl|methoxy } -9-(carboxymethyl)-3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl)acetic acid manganese compound 11a:
A solution of MnCL.4H>O (7 mg, 0.035 mmol) in water (0.5 mL) is added dropwise to a
solution of compound 10a (12 mg, 0.018 mmol) in water (1 mL). The pH is adjusted and
maintained to 5 <pH < 6 with 0.1 M aqueous solution of NaOH. The mixture is warmed at
40°C overnight under Ar atm. The presence of free Mn?* is revealed by the colorimetric test

with orange xylenol. The aqueous mixture is treated with Chelex® resin, then freeze-dried to

give the desired compound 11a. ESI-MS (Ci5sH20MnN4Os): m/z 398.09 [M+Na]".

11.5.2.4 Synthesis of MnPy(COO ),-OCH>CO> (Compound MnL>COO)

Benzyl 3,9-bis(2-tert-butoxy-2-oxo-ethyl)-12-(2-ethoxy-2-oxo-ethoxy)-3,6,9,15-
tetrazabicyclo[9.3.1]pentadeca-1(14),11(15),12-triene-6-carboxylate compound 7b: Solid
NaxCOs3 (466 mg, 4.40 mmol, 4 eq) is added to a solution of triamine lower part Sb (513 mg,
1.10 mmol) with dibromomethyl compound 6b (444 mg, 1.21 mmol, 1.1 eq) in acetonitrile
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(110 mL). The suspension is refluxed until completion of the reaction (MS and/or TLC
monitoring; 1 hour). The insoluble matter is filtered off, and the filtrate is concentrated to
dryness. The crude material obtained is purified by chromatography on silica gel
(CH2Cl2/MeOH, 100/0 to 98/2 v/v) to give the desired compound 7b as a thick oil (471 mg,
0.702 mmol). Yield 64%. 'H NMR (CDCls, 400 MHz) & (ppm): 1.27 (t, 3H, J 7.1 Hz, -Et); 1.45
(s, 9H, -tBu); 1.48 (s, 9H, -tBu); 2.68-3.01 (m, 4H, -N-CH,-CH>-N-); 3.20-3.55 (m, 8H, -N-
CH>-CH2-N- (4H) and -N-CH>-); 3.95 (d, 2H, J 10.2 Hz, -N-CH>-); 4.19 (d, 2H, J 7.3 Hz, -N-
CH>-); 4.24 (d, 2H, J 7.1 Hz, -Et); 4.66 (s, 2H, -O-CH>-CO»-Et); 5.04 (s, 2H, -CH>-Ph); 7.04
(d, J 8.4 Hz, 1H, -CH,-C(N)-CH=CH-C(OR) -C); 7.18 (broad dd,* “J~3J 8.4 Hz, 1H, -CH>-
C(N)-CH=CH-C(OR) -C); 7.24-7.37 (m, 5H, -Ph). **That resonance looks like a broad
unsymmetrical triplet that can be attributed to a doublet of doublet with similar 3/ (8.4 Hz,
vicinal coupling) and *J coupling constants; the unusually high long-range “J coupling constant
(= 8.4 Hz) may be due to a pseudo W-conformation of the four sigma bonds between the two
coupled 'H. 3C NMR (CDCls, 100 MHz) & (ppm): Caution: Some of the '*C are doublet due
to the presence of rotamers. 14.2 (CH;_Et); 28.3 (CHs_2 -tBu); 44.6, 45.0, 45.5, 46.1%% (2 -N-
CH,-CH-N-); 51.3, 51.8, 52.0, 52.4%% (2 -N-CH,-CH,-N-); 54.5, 54.6% (-N-CH>-); 58.7, 58.9,
59.5 (3-N-CH»-); 61.6 (CH2_Et); 65.8 (-O-CH2-CO2-Et); 66.8 (-CH2-Ph); 81.0, 81.2
(2 CquatBu); 119.8, 119.9% (CHa:Pyr); 123.8 (CHaPyr); 127.6, 127.8, 128.5 (3 CHa(Ph); 137.1
(CquatPh); 147.6, 151.8%, 156.2 (NCOz, and 3 CquaPyr); 166.4, 168.3, 170.7-170.9% (3 CO»).
SDouble signal for the assigned '*C (rotamers); ¥*Double signal for each of the assigned 1*C;

&Broad and small signal; *Higher signal than the adjacent one; may account for several '*C.

Ethyl 2-({3,9-bis[2-(tert-butoxy)-2-oxoethyl]-3,6,9,15-tetraazabicyclo[9.3.1]
pentadeca-1(15),11,13-trien-12-yl}oxy)acetate compound 8b: Compound 7b (55 mg, 0.082
mmol, 1 eq) is solubilized in MeOH (20 mL) followed by the addition of Pd/C (6 mg). The
solution is placed under H; at atmospheric pressure and is stirred during 24h. Insoluble material
is filtered through Celite® and the filtrate is concentrated at relatively high temperature to
eliminate the toluene, which is the by-product, to give the desired compound 8b. The crude
product is directly engaged in the next synthesis step. 'H NMR (CD30D, 500 MHz) § (ppm) :
1.28 (t,J 7.15 Hz, 3H, -CH2-CH3); 1.46 (s, 9H, -tBu); 1.47 (s, 9H, -tBu); 3.07-3.12 (m, 4H, -N-
CH»-CH>-N-); 3.16-3.21 (m, 4H, -N-CH>-CH»>-N-); 3.47 (s, 2H, -N-CH>-N-); 3.52 (s, 2H, -N-
CH>-N-); 3.96 (s, 2H, -N-CH>-CO-); 4.17 (s, 2H, -N-CH>-CO-); 4.23 (q, J 7.11 Hz, 2H, -O-
CH>-CH3); 4.82 (s, 2H, -O-CH>-CO-); 7.11 (d, J 8.42 Hz, 1H, -O-C=CH-CH=C-); 7.27 (d, 1H,
J 8.43 Hz, -O-C=CH-CH=C-).
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2-({3,9-Bis[2-(tert-butoxy)-2-oxoethyl]-3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-

1(15),11,13-trien-12-yl} oxy)acetic acid compound 9: Compound 8b (481 mg, 0.90 mmol, 1eq)
is solubilized in ethanol (7mL) and put under stirring. A solution of aqueous 1M NaOH is then
added (1 mL, I mmol, 1.1 eq). The solution is stirred during few hours, then concentrated under
vacuum. The crude product is purified by flash chromatography on RP18 column (MeOH/H,O
from 3/7 to 10/0 v/v) to give the desired compound 9 (310 mg, 0.61 mmol). Yield 67%. 'H
NMR (CD;0OD, 500 MHz) & (ppm): 1.47 (s, 9H, -tBu); 1.47 (s, 9H, -tBu); 2.99-3.06 (m, 4H, -
N-CHz-CH>-N-); 3.11-3.16 (m, 4H, -N-CH>-CH>-N-); 3.26 (s, 2H, -N-CH>-N-); 3.53 (s, 2H, -
N-CH>-N-); 3.94 (s, 2H, -N-CH>-CO-); 4.18 (s, 2H, -N-CH>-CO-); 4.46 (s, 2H, -O-CH>-CO-);
7.05 (d, 1H, J 8.41 Hz, -O-C=CH-CH=C); 7.11 (d, J 8.41 Hz, 1H, -O-C=CH-CH=C).

2-{[3,9-Bis(carboxymethyl)-3,6,9,15-tetraazabicyclo[9.3.1|pentadeca-1(15),11,13-

trien-12-ylJoxy}acetic acid 10bh: The compound 9 (10 mg, 0.019 mmol) is solubilized in
dichloromethane (1 mL) and put under stirring followed by the addition of trifluoroacetic acid
(1 mL). The solution is stirred overnight. It is then concentrated and washed two times with
diethyl ether (4 mL) to give the desired compound 10b as TFA salt. 'TH NMR (CD;OD, 500
MHz) § (ppm): 3.08-3.14 (broad s, 4H, -N-CH>-CH>-N-); 3.18-3.26 (broad m, 4H, -N-CH>-
CH>-N-); 3.62 (s, 2H, -N-CH>-N-); 3.69 (s, 2H, -N-CH>-N-); 4.06 (s, 2H, -N-CH>-CO2H); 4.27
(s, 2H, -N-CH,-CO-H); 4.82 (s, 2H, -O-CH>-CO:H); 7.19 (d, 1H, J 8.29 Hz, -O-C=CH-CH=C-
); 7.34 (d, 1H, J 8.43 Hz , -O-C=CH-CH=C-).

2-(12-{[(2-aminoethyl)carbamoyl|methoxy } -9-(carboxymethyl)-3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl)acetic acid manganese compound 11b:
A solution of MnCl,.4H>0 (6 mg, 0.03 mmol) in water (0.5mL) is added dropwise to a solution
of compound 10b (11 mg, 0.016 mmol) in water (1 mL). The pH is adjusted and maintained to
5 <pH < 6 with 0.1 M aqueous solution of NaOH. The mixture is warmed at 40°C overnight
under Ar atm. The presence of free Mn?" is revealed by the colorimetric test with orange

xylenol. The aqueous mixture is treated with Chelex® resin, then freeze-dried to give the desired

compound 11b. ESI-MS (C17H22MnNsO7): m/z 472.10 [M+Na]".
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11.5.2.5 Synthesis of MnPy(COO)>-OCH,CO:NHCH>CCH (Compound MnL3;CH)

Tert-butyl 2-{9-[2-(tert-butoxy)-2-oxoethyl]-12-{[(prop-2-yn-1-yl)carbamoyl]
methoxy}-3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl}acetate compound
12: Compound 9 (10 mg, 0.019 mmol) and HBTU (15 mg, 0.04 mmol, 2.1 eq) are solubilized
in CH2Cl, (2 mL) followed by the addition of propargylamine (2 pL, 0.031 mmol, 1.6 eq) and
DIPEA (8 pL, 0.047 mmol, 2.47 eq). The solution is stirred during few hours at room
temperature then the middle is washed three times with water (5 mL) to give the desired
compound. The crude product is directly engaged in the next synthesis step. "H NMR (CDCl3,
500 MHz) & (ppm): 1.45 (s, 18H, -tBu) 2.22 (t, J 2.56 Hz, 1H, -C=CH); 3.03-3.11 (m, 4H, -N-
CH:>-CH>-NH-); 3.21-3.28 (m, 4H, -N-CH>-CH>-NH); 3.43 (s, 2H, -C-CH>-N-); 3.47 (s, 2H, -
C-CH>-N-); 3.92 (s, 2H, -N-CH>-CO-); 4.08-4.16 (m, 4H, -N-CH>-CO- and -NH-CH-C-); 4.54
(s, 2H, -O-CH>-CO-); 7.02 (d, J 8.39 Hz, 1H, -O-C=CH-CH=C-); 7.07 (d, J 8.39 Hz, 1H, -O-
C=CH-CH=C-).

2-[9-(Carboxymethyl)-12-{[(prop-2-yn-1-yl)carbamoyl|methoxy}-3,6,9,15-

tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl]acetic acid compound 13: Compound
12 (119 mg, 0.218 mmol) is solubilized in CH2Cl> (3 mL) and stirred followed by the addition
of trifluoroacetic acid (3 mL). Overnight, the solution is concentrated and washed two times
with diethyl ether to give the desired compound 13 as TFA salt. 'H NMR (CDsOD, 500 MHz)
6 (ppm): 2.60 (t, J 2.54 Hz, 1H, -C=CH); 3.10-3.16 (m, 4H, N-CH>-CH>-NH-); 3.19-3.25 (m,
2H, N-CH,-CH>-NH-); 3.25-3.30 (m, 2H, N-CH>-CH>-NH-); 3.69 (s, 2H, -N-CH>-C-); 3.80 (s,
2H, -N-CH>-C-); 4.03 (d, J 2.56 Hz, 2H, -NH-CH>-C); 4.15 (s, 2H, -N-CH>-COOH); 4.38 (s,
2H, -N-CH>-COOH); 4.71 (s, 2H, -O-CH,-CO-); 7.28 (d, J 8.49 Hz, 1H, -O-C=CH-CH=C-);
7.41 (d, J 8.49 Hz, 1H, -O-C=CH-CH=C-).

2-(12-{[(2-Aminoethyl)carbamoyl|methoxy}-9-(carboxymethyl)-3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl)acetic acid manganese compound 14: A
solution of MnCl,.4H>0 (4 mg, 0.02 mmol) in water (0.5 mL) is added dropwise to a solution
of compound 13 (8 mg, 0.01 mmol) in water (1 mL). The pH is adjusted and maintained to 5 <
pH < 6 with 0.1 M aqueous solution of NaOH. The mixture is warmed at 40°C overnight under
Ar atm. The presence of free Mn?* ions is revealed by the colorimetric test with orange xylenol.

The aqueous mixture is treated with Chelex® resin, then freeze-dried to give the desired

compound 14. ESI-MS (C20H2sMnNsQOe): m/z 509.14 [M+Na]".
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11.5.2.5 Synthesis of MnPy(COO-)2-OCH2CO2NHCH2CH2NH2 (Compound
MnL4NH3+) : was synthesized by Dr Dioury F.

Benzyl 12-[2-(2-aminoethylamino)-2-oxo-ethoxy]-3,9-bis(2-tert-butoxy-2-oxo-ethyl)-
3,6,9,15-tetrazabicyclo[9.3.1]pentadeca-1(14),11(15),12-triene-6-carboxylate compound 15: A
solution of the previously prepared ethyl ester 7b (470 mg, 701 mmol) in ethylenediamine
(2.3 mL, 34.4 mmol, 50 eq) is stirred at room temperature until completion of the reaction (MS
monitoring; 1 hour). The crude medium is diluted in CH2Cl (15 mL) and is washed with water
(3 mL). The organic layer is dried then concentrated to dryness. The resulting material is
purified by chromatography on silica gel (CH2Cl/MeOH/NH; 7N in MeOH 95/2.5/2.5 to
90/5/5 v/v/v) and led to the desired product 15 as a beige solid (279 mg, 0.407 mmol). Yield
58%. 'HNMR (CDCls, 400 MHz) & (ppm): 1.34-1.53 (m, 18H, -tBu); 1.94 (broad s, 2H, -NH>);
2.55-2.66 (m, 2H, -N-CH>-CH>-N-); 2.66-2.88 (m, 4H, -N-CH>-CH>-N(2H) and -CH>-NH>);
2.96-3.09 (m, 2H, -N-CH-CH>-N-); 3.28-3.50 (m, 8H, -CO-NH-CH>-, -N-CH>- (4H), -N-CHz-
CH>-N- (2H)); 3.89 and 3.93 (2 br s%, 2H, -N-CH>-); 4.02 and 4.05 (2 br s%, 2H, -N-CH>-); 4.56
(broad s, 2H, -O-CH>-); 5.01 (s, 2H, -CH>-Ph); 7.16 (d, J 8.4 Hz, 1H, -CH,-C(N)-CH=CH-
C(OR)-C); 7.21-7.33 (m, 6H, -CH,-C(N)-CH=CH-C(OR)-C, and Ph); 8.15, and 8.25°%
(2 broad t, 1H (x53/47), -CO-NH-). $Double signal due to two conformers (double-bond
character of the amide bond: cis and trans conformations) or two rotamers (free rotation
obstruction due to Cbz steric hindrance). '*C NMR (CDCls, 100 MHz) 8 (ppm): Caution: As
previously observed for the precursor 7b, nearly all of the '*C are doublet due to the presence
of rotamers (double bond character of the amide bond and/or free-rotation obstruction of the
carbamate bond). 28.18, 28.23 (CH3_2 -tBu); 41.8,42.1,42.2, 42.3 (-CO-NH-CH>-CH,-NH>)*;
44.9, 45.4 (-N-CH»-CH»-N-)%; 50.9, 51.0, 51.6, 51.8 (2 -N-CH>-CH»-N-)*; 54.2, 54.5 (-N-CHa-
), 58.8, 59.0, 59.1, 59.4 (-N-CH,-CH>-N-, and 3 -N-CH>-); 66.9 (-CH»-Ph); 67.2 (-O-CH»-);
81.2, 81.47, 81.52 (2 CquatBu)¥; 119.65, 119.68 (-CH>-C(N)-CH=CH-C(OR)-C)*; 124.97,
125.01 (-CH>-C(N)-CH=CH-C(OR)-C)*; 127.57, 127.65, 127.83, 127.90, 128.46 (3 CHa:Ph)};
136.85, 136.94 (CquaPh)?; 145.9, 146.1, 149.2, 149.7, 151.7, 151.8, 155.9, 156.0 (-N-CO,, and
3 CquatPyr)?; 168.21, 168.24, 170.4, 170.6, 170.7, 170.8 (2 CO>, and CONH)*. “Double signal

for (each of) the assigned '3C (rotamers); SDouble signal for at least one of the assigned *C.

2-(12-{[(2-Aminoethyl)carbamoyl|methoxy}-9-(carboxymethyl)-3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl)acetic acid compound 16a.xHBr: A
concentrated solution of the fully protected precursor 15 previously prepared (210 mg,

0.307 mmol) in CH>Cl, (0.250 mL) is diluted in acetic acid (2 mL). A solution of hydrogen
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bromide in acetic acid (33% w/w, 0.500 mL) is then added and a white precipitate appeared
instantly. The mixture is vigorously stirred and heated at 70°C for 7 hours and then at room
temperature overnight. The dark orange supernatant is removed by suction and the solid
material is washed several times with Et;O until a clear wash is obtained. The organic solvents
are completely removed first under reduced pressure and then by freeze-drying after
solubilization in water to give the desired compound as a brownish solid material (200 mg,
0.288 mmol on the basis of an estimated PM = 693.38 for 3HB1/4HBr hydrobromide forms in
85/15 mol/mol at pH0.7"). Yield (crude) 94%. The crude material can be purified by
chromatography on RP18 (CH3CN/H20 9/1 v/v) after raising the pH from 0.7 to about 4.5
(NaOHaq) and leads to the desired product as a beige solid (115 mg, 0.221 mmol on the basis
of an estimated PM = 516.97 for .1HBr/.0HBr/.2HBr hydrobromide forms in 73/15/12
mol/mol/mol at pH 4.5"). Yield 72%. '"H NMR (D20, pH<1) 8 (ppm): 3.14 (broad t, 2H, -CH>-
NH»-); 3.20-3.38 (m, 6H, -N-CH»-CH>-NH-); 3.44 (broads, 2H, -N-CH;-CH»-N-); 3.56
(broad t, 2H, -CO-NH-CH>-); 4.00 (s, 2H, -N-CH>»-); 4.06 (s, 2H, -N-CH»-); 4.47 (s, 2H, -N-
CHb>-); 4.65 (s, 2H, -N-CHb»-); 4.80" (2H, -O-CH,-CO-N-); 7.57 (d of AB system, J 8.4 Hz, 1H,
CHar);7.71 (d of AB system, J 8.4 Hz, 1H, CHa,). “Fully superimposed with the deuterated
solvent (deduced from corr '"H/'3C 2D experiment). '*C NMR (D.0, pH<1): 36.6 (-CO-NH-
CH2-); 39.0 (-CH2-NH2-); 43.7, 43.9 (2 -N-CH2-CH2-NH-); 51.0, 52.2 (2 -N-CH2-CH»-NH-);
54.0, 56.7, 57.1, 57.4 (4 -N-CHz-); 67.3 (-O-CH2-CO-N-); 125.0 (2 CHar); 142.1, 144.3, 152.0
(3 CquatPyr); 170.6, 172.2, 172.3 (2 CO3, and -CO-NH-).

2-(12-{[(2-aminoethyl)carbamoyl|methoxy } -9-(carboxymethyl)-3,6,9,15-tetra
azabicyclo[9.3.1]pentadeca-1(15),11,13-trien-3-yl)acetic acid manganese compound 17: A
solution of the previously prepared ligand 16a.xHBr (~0.17 mmol) in deionized H>O (3 mL) is
adjusted to pH ~ 5.5 with an aqueous solution of NaOH. Manganese(Il) chloride tetrahydrate
(33 mg, 0.168 mmol) is added in one portion which immediately induced a decrease of pH
down to 2.2. The pH is carefully adjusted again to ~ 5.7 with aqueous NaOH. The resulting
mixture is stirred at room temperature for 5 minutes. A monitoring by MS indicated a total

conversion to the desired manganese complex with no trace of free ligand. The pH is then raised

! Note: Chemicalize was used for prediction of pKas and speciation curves (December, 2019;
https://chemicalize.com/, developed by ChemAxon): at highly acidic pH<1, species charged
+3 and +4 are predominant for compound 16a (85%, and 15% respectively at pH 0.7); at
pH 4.5 (chromatographied solution), species charged +1, neutral, and charged +2 are
predominant for compound 16a (73%, 15%, and 12% respectively).
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up to ~ 7.5 (NaOHaq) and stirring maintained overnight. The fine brown precipitate formed is
filtered off over a 0.2 um membrane (PALL®, Acrodisc®). The filtrate is concentrated by
freeze-drying. The solid obtained (113 mg) is purified by chromatography on RP18
(MeOH/H>0 9/1 v/v) and leads to the desired product 17 as a beige solid (108 mg, x H>O.y HCI
or NaCl probable form(s)). ESI-LRMS m/z: 492.2 [M+H]", 514.1 [M+Na]".

11.5.2.6 Determination of Mn’* concentration for relaxometric and '’O measurements

The detection of free manganese ions is performed with the xylenol orange test. To do
s0, 300 uL of phosphate or acetate buffer, one drop of pyridine, one drop of the compound
solution and one drop of xylenol orange (0.1 g per 100 mL). The color is pink or orange for
phosphate or acetate buffer respectively without manganese ions and gets purple when free
manganese ions are present. The solution is then treated with a Chelex® 100 resin (sodium form)
to eliminate those free ions.

The Mn?* concentration determination is performed either by relaxometry or ICP-AES,
on samples digested with nitric acid. The first method consists in measuring the water
paramagnetic longitudinal relaxation rate of the digested solution at 20 MHz. It is then
compared to the paramagnetic relaxation rate of a I mM solution of free manganese ions (R; =
8 sl at 20 MHz and 37°C) in order to extract the manganese concentration.!?’ To ensure the
results, [CP-AES measurements are also performed on a Varian Liberty Series II, based on a
Mn?* calibration curve. The concentrations obtained respectively from ICP-AES or relaxometry
methods are respectively 1.80 and 1.76 mM (MnLH), 5.09 and 5.66 mM (MnL,COQO"), 7.85
and 8.05 mM (MnL3;CH), and 2.47 and 2.35 mM (MnL4sNH3").

11.5.2.7 Relaxometry measurement
The longitudinal relaxation times (Ti) are determined at 20 MHz and 60 MHz on

Bruker® Minispec mq20 and mq60 relaxometers (USA). These measurements allow to obtain

(%)_Rtlj(water) S'l .

2+
[Mncomplex]

the relaxivity of the complexes according to the following equation ry; = mM-

1(3) where R{ (yater) = 0.2826 s7* at 37°C.

The NMRD profiles were recorded at 37°C and 25°C on a Stelar® fast field cycling
(FFC) relaxometer (Stelar, Mede, Italy) and the least-squares fitting of the data was performed
using a home-made program (Fitting2000) and equations from the Salomon and Bloembergen

(SBM) theory.
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11.5.2.8 Temperature dependent '’O NMR measurements

The transverse !’O relaxation rates (R.=1/T>) are measured in aqueous solutions of each
manganese complex (MnLiH; 2.06 mM, MnL,COO; 2.58 mM, MnL3CH: 2.05 mM and
MnL4NH3": 1.21 mM) in the temperature range 7 — 81°C, on a Bruker® Avancell-500 (USA)
(11.75 T, 67.8 MHz) spectrometer. The temperature is calculated according to a previous
calibration with ethylene glycol and methanol. Proton decoupling is applied during all the
acquisitions. Transverse relaxation times (72) are obtained by the measurement of the signal
width at mid-height. For the determination of 7v, the data are presented as the reduced
transverse relaxation rate RoR=1/T>R= 55.55R>" /([Mncomplex]'q), Where [Mncomplex] is the molar
concentration of the complex, ¢ is the number of coordinated water molecules and R»" is the
paramagnetic transverse relaxation rate obtained after subtraction of the diamagnetic
contribution from the observed relaxation rate. The treatment of the experimental data is
performed as already described and the fitting of the data is obtained with a home-made
program.'”

For the determination of the number of coordinated water molecules, the data are
presented as the transverse relaxivity 72 = Ro"/[Mncomplex] Where the concentration of the Mn-

complex is expressed in millimolar (mmol-L"!).

11.5.2.9 Transmetalation

The transmetalation is performed in a phosphate buffer solution (pH 7.06) and on the
Bruker® Minispec mq20 relaxometer (USA). 300 pL of a solution of each complex at a
concentration of 2.5 mM is prepared in a phosphate buffer ([NaH2PO4] = 0.026 mol/L et
[Na;HPO4] = 0.041 mol/L) and 3 pL of a 250 mM ZnCl, solution (1 eq) is added in the studied

Mn-complexes solutions. Then, the longitudinal relaxation time (71) is measured as a function

of time to obtain the evolution of R;? following the equation: R} = (Ti) - Rf(water) (4) where
1

Rf(water) = 0.2826 s ! is the diamagnetic contribution. During 5 days, the ratio RiP/RP (=0) is
determined at regular intervals to evidence the transmetalation kinetics induced by the presence
of zinc cations, which could lead to a release of manganese ions and their precipitation by
phosphates. This release induces the formation of a precipitate of either Mn3(PO4)2 or MnPO4,

which leads to a decrease of the paramagnetic relaxation rate.!6*
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11.5.2.10 Cyclic voltammetry measurements

The cyclic voltammetry was performed on a potentiostat/galvanostat (SP-150e, Bio-
Logic Science Instruments, France). Measurements were performed in a small cell
(QVMF2141, ProSense®, The Netherlands). The semi-permeable membranes were at first
immersed in 5 M NaOH. Complexes were dissolved in 500 pL of 5M NaOH solution and placed
in the small cell immerged in SM NaOH solution. Three-electrodes cells with Ag/AgCl.qg) as
reference electrode, Pt as working electrode and Pt wire as counter electrode were used.

Measurements were recorded from -2.5 V to 2.5 V at a scan rate of 50 mV/s.

11.5.3 Biological material and methods

11.5.3.1 Mouse strains and housing conditions

Female 6 weeks old Balb/c mice (13 for MRI and 3 for control sampling) were
purchased from Charles River (Ecully, France) and kept under individually ventilated cage
(IVC) housing conditions (12 h / 12 h night and day cycles, 22 £+ 2°C, 55 + 10% relative
humidity) and were given dry food and water ad libitum. All experiments were performed in
accordance with EU Directive 2010/63/EU for animal experiments and were approved by the
CEBEA (Comité d’Ethique et du Bien-Etre Animal) of the CMMI under approval numbers

CMMI-2021-01. At the end of experiments, mice were sacrificed by cervical dislocation.

11.5.3.2 In vivo images

The MRI experiments were performed at 1T (Bruker® ICON, USA) and 9.4T (Bruker®
Biospec, USA) with a Rapid Acquisition with Relaxation Enhancement sequence (RARE) (1T:
TE = 12 ms, TR = 300 ms, resolution = 258 x 255 microns, RARE factor = 2, 8 averages, slice
thickness = 1.25 mm; 9,4T: TE = 8 ms, TR = 389 ms, resolution 172 x 176 microns, RARE
factor =1, 4 averages, slice thickness = 1 mm, fat suppression) or with fast imaging with steady-
state precession (FISP) (TE = 1.5 ms, TR = 4.4 ms, flip angle = 15°, 5 averages, resolution =
125 x 125 x 1000 pm, 20 repeats (4 before injection) were scanned for dynamic signal
enhancement acquisitions (1 min time resolution)). Image analysis was performed using
ParaVision™ 5.1 (Bruker, USA) tools, by drawing of regions of interest in liver, kidney (pelvis
and outer region (cortex possibly including OSOM (outer segment of outer medulla),

gallbladder, when possible, vena cava (1T) or heart left ventricle (9.4 T FISP images).
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11.5.3.3 Mice sacrifice and plasma collection

Retro-orbital blood collection was performed under deep isoflurane anesthesia. Mice
were then sacrificed immediately by cervical dislocation. Blood samples were centrifuged for
10 min at 10,000 rpm to separate the plasma from the cellular fraction. At least 250 puL of
plasma had to be obtained for dosage of several toxicity markers using Spotchem EZ Sp-4430

(Arkay®) colorimeter. ‘‘Panel-1"" and ‘‘Panel-2"" strip sets were used and one relevant marker
of each was considered to identify possible tissue or organ damages (with glutamate
oxaloacetate transaminase (GOT), glutamate pyruvate transaminase (GPT) and lactate
dehydrogenase (LDH)) and kidney (with blood urea nitrogen (BUN)) damages, as a preliminary

(due to a limited amount of mice) assessment.
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Chapter I11

Chapter III: Synthesis and characterization of pH-sensitive polymeric

nanocarriers self-assembly and their in vitro and in vivo evaluation.

II1.1 Introduction

There is a growing interest in nanomedicine in the research world due to their tunability.
Indeed, the nanostructures can be used for both diagnosis and treatment, a property usually
coined by to the term “theranostic”. Moreover, the developed drug delivery nanosystems can
also be designed to increase the bioavailability of the active drug in the organism. Furthermore,
many efforts are allocated to their design and characterization to obtain a final nanostructure
dedicated to the intended application.!® Polymer nanoparticles, including polymer micelles and
polymersomes, seem to be a good option for specific drug delivery since they can endow the
system with responsiveness to different internal parameters such as pH, temperature, redox
potential and so on, or by using an external field (electric, magnetic, light, X or gamma rays...).
Among many compositions, some polymers have already shown their biocompatibility like
poly(ethylene oxide) (PEO), as well as their biodegradability and biocompatibility like poly(e-
caprolactone) (PCL), poly(lactic) acid (PLA), poly(lactic-co-glycolic acid) (PLGA), ....
Various polymeric nanoparticles are already used for different therapeutic areas and drug
delivery as theranostic platforms such as those based on PEO-polyesters diblock copolymers

which are currently in phase 3 clinical trials or even on the market.?377%7

As explained in chapter I, this work focuses on a drug already used in medicine which
is the doxorubicin, a chemotherapeutic agent. As a reminder, multiple injections lead to a lot of
side effects and multidrug resistance, that is why using nanoparticles for its administration could
be an alternative. On the market, the Doxil®, a pegylated liposome loaded with doxorubicin, is
already approved by the FDA. But as discussed previously, liposomes have a high permeability
and a low stability that cannot be easily mitigated due to their low chemical versatility.>

Therefore, an improvement of these systems seems to be necessary.
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In this work, it is proposed to induce the drug delivery of doxorubicin using pH stimulus.
As a reminder, polyester moieties such as, PCL and PLA, are pH-sensitive due to the acidic
catalyzed hydrolysis of the ester function. These responsive functions can induce a self-poration

of the membrane encapsulating the drug in these nanostructures. (Figure I11.1)!3°

Stable bilayer h) drol} Sis

K Hours

s i§

Encapsulants

poratlon

Figure III.1. Representation of bilayer undergoing
hydrolysis of polyester function leading in few hours to
poration that delivered the encapsulated species, and in
few days to the disintegration of the bilayer.'%°

Different recent systems based on the polyester structure were described in chapter I, giving an
overview of all possibilities brought by this type of moiety. Nevertheless, PCL possesses a slow
rate of degradation through hydrolysis due to its high hydrophobicity and its crystallinity. Using
it conjointly with PLA moiety should auto-catalyze the degradation of the PCL chains by the
increasing presence of lactic acid.!'®! In this way of action, two possibilities can be used: mixing
of two different amphiphilic copolymers or synthesis of multiblock copolymers. Khodaverdi et
al. developed polymersomes and micelles loaded with docetaxel, as chemotherapeutic agent,
made of a blend of PEG-PCL and PEG-PLA. They used different fractions in PEG-PLA from
0 to 100 % per step of 25% to form micelles or polymersomes by single emulsion-solvent
evaporation. The chains used for micelles (size: 30-50 nm) were composed of PEGsk-PCLsk
and/or PEGsi-PLAsc whereas for polymersomes (size 140-180 nm), PEGs-PCL1sk and/or
PEGsk-PLA sk were used. They highlighted that the lowest burst release for both structures
occurs for a ratio of 75/25% but these polymersomes also exhibit the largest toxicity on cells.
On the other hand, micelles and polymersomes made only with PLA based copolymers exhibit
the highest burst release. Therefore, the balance ratio between both copolymers has a clear
impact on the drug release. It is also important to note that the drug used in this work is

hydrophobic. Finally, the zero-order and Higuchi model used to fit the release data enabled
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them to highlight the involved diffusion mechanism.'®? On their side, Goyal et al. developed
polymersomes based on a triblock copolymer, PEG-SS-PLA-PCL-OH, loaded with bacoside
and SPIONs, and conjugated with lactoferrin. Interestingly, the disulfide bonds incorporated
between the PEG and PLA moieties endow the system with redox responsiveness via the
glutathione (GSH). They first evidenced the accumulation of their nanostructure in the brain
thanks to the loaded SPIONs, which allow the observation by MRI of a 7> signal up to 48 hours.
Then, they evaluated the drug release and evidenced that, at pH 6.6, a release of 63.4% occurs
instead of 35.0% at pH 7.4, and it is increased to 69.5% and 72.4% respectively in the presence
of GSH. 181,183

A last strategy is to synthesize hydrophobic chains composed of both CL and LA. Based
on it, Chu et al. synthesized MPEG-P(CL-co-LA) (MPEG2-PCL/LA2) giving micelles loaded
with docetaxel obtained by thin film rehydration, with critical micelle concentration (CMC) as
low as 0.005 mg/mL. The hydrophobic chains were synthesized in different ratios of the LA
moiety, from 0 to 100 %, giving micelles with a size of ca. 25 nm. They evidenced several
things such as faster degradation correlated with an increase of LA content, no difference in
drug loading content (DLC) and encapsulation efficiency (EE) as a function of LA ratio, and
an increase of docetaxel internalization in cells compared to free docetaxel.!3* A triblock system
composed of P(CL-co-LA)-b-PEG-b-P(CL-co-LA) can also be used, as developed by Yang et
al., giving polymersomes obtained by the double-emulsion route, loaded with hemoglobin (Hb)
as oxygen carrier. Three different triblocks were synthesized in different fractions, leading to a
size of ca. 170 nm. The Hb loading was tuned by using different solvent ratios and compositions

(this modification also impact the size of the particles), leading to EE values up to 67.5%.!83

All those information, developed in chapter I and above, leave to think that micelles and
polymersomes made of polyester moieties lead to interesting nanostructures able to undergo a

disruption by an endogenous stimulus.
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II1.2. Results and discussion

II1.2.1. Synthesis and characterization of diblock copolymers, PEO-b-PCL

To form polymeric vesicles, also called polymersomes, an amphiphilic polymer is
needed, which is a sequenced copolymer composed of a hydrophilic and a hydrophobic segment
in the chain, in different proportions. Since these nanoobjects will be used for targeted drug-
delivery, it is necessary to use a stimuli-responsive polymer allowing to deliver a chemotoxic
drug under particular physicochemical conditions. In the case of tumor environment, a signal
that can be used is the significant decrease of pH ascribed to the specific tumor cell physiology,
related to their fast growth in a usually hypoxic condition.!8¢ Well-known biocompatible
polyester able to respond to such a stimulus is poly(e-caprolactone) (PCL). Indeed, PCL
undergoes acidic catalyzed hydrolysis of the ester function leading to the degradation of the
PCL chain. The other block (i.e., the hydrophilic part) of the copolymer is usually constituted
of PEO chain for previously discussed reasons. For our study, at first, commercial PEO-b-PCL
batches were purchased from Polymer Source (Canada) or Sigma Aldrich® (France). However,
these commercial copolymers were of poor quality. Indeed, SEC analysis shows different
distributions and 'H NMR analysis evidences the presence of impurities. Therefore, it was
decided to synthesize tailored copolymers instead, and to focus on a structure composed for the

hydrophobic block of polycaprolactone (PCL).
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Table IIL.1. Structure of PEO-b-PCL copolymers from literature and used in this work (either
commercial or synthesized). * from SEC * from NMR. The degrees of polymerizations (DP) of each

block were calculated using the monomer molar masses, respectively 114 g-mol™ for CL and 44 g-mol’

! for EO.
M, M," M MPEO L fhsdrophilic
P’ DPc. DPro References

(g/mol) (g/mol) (g/mol)  (g/mol) (%)

38749 14 26770 143 70 16016 3080 16 Commercial (Polymer Source

P19769-EOCL)

25217 14 18012 114 114 12996 5016 28 commercial (Aldrich 570311)
48154 1.6 30096 220 114 25080 5016 17 commercial (Aldrich 799033)
29770 1.8 16370 126 142 16188 5544 25 synthesized in Mons
46918 1.7 27002 124 190 21660 5456 20 synthesized in Mons
18981 123 15432 118 45 13452 1980 13 Hocine et al.'*’

20606  1.08 19080 150 45 17100 1980 10 Konishcheva et al.'®
11465 158 7256 53 28 6042 1214 17 Konishcheva et al.'®
7820 1.4 5586 5 114 570 5016 90 Sachl et al.'®

9097 1.4 6498 13 114 1482 5016 77 Sachl et al.'®

12130 1.4 8664 32 114 3648 5016 58 Sachl et al.'®

II1.2.1.1 Determination of the composition of the PEO-b-PCL by 'H NMR

Two copolymers with two different polymerization degrees (DP) were synthesized by
Prof O. Coulembier and S. Moins at the SMPC laboratory, UMONS, by ring opening
polymerization (ROP) of e-CL by a MPEG-OH macroinitiator of Mn = 5000 g-mol™!' using

1,5,7-triazabicyclo 4.4.0 dec-5-ene (TBD) as organic catalyst of the reaction.

Analysis of "TH NMR spectra allows to determine approximately the DP of the copolymers.
(Figure II1.2 ; Figure I11.3) The spectrum is calibrated on the chain end of the polyethylene
oxide (PEO) moiety, which is a—CHs. This peak represents 3 protons under the form of a singlet
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(peak a at 6 = 3.37 ppm), which is usually well defined. The DPgo can be obtained according

to the following equation:

DPgo = (I3.63 ppm)/4 (Equation IIL.1)

The DP of the PCL chain can be obtained with Equation II1.2. Peak fat § = 4.05 ppm is ascribed

to 2 protons present on the poly(e-caprolactone) chain.

DPcr = (I4.05 ppm) /2 (Equation II1.2)

Figure I11.2 allows extracting the DP of each block of the first polymer giving DPgo (1 ~ 126)
as 5.5 kg.mol'! and DPcr (m ~ 142) as 16.2 kg.mol'!, where n and m stand for formula PEO,-
b-PCL,, giving PEO126-b-PCL142 which represents a hydrophilic fraction /= 25%. For the other
polymer on Figure II1.3, results based on the 'H NMR give PEO124-b-PCL 9o with an associated
hydrophilic fraction /= 20%.
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Figure I11.2. '"H NMR (500MHz; CDCI3) spectrum of PEO126-b-PCL142.
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Figure I11.3. '"H NMR (500MHz; CDCI3) spectrum of PEO124-b-PCL190.

111.2.1.2 Determination of the dispersity of the copolymer by SEC

Another important parameter is the dispersity index of the copolymer that can be
determined by Size Exclusion Chromatography (SEC) analyses. Indeed, this parameter
represents the polydispersity in size of the chains. The molar mass dispersity is obtained

according to the following equation:
b = M, /M, (Equation III.3)

Where M,, is the weight-average molar mass and M, is the number-average molar mass of the chains.

As expected on Figure I11.4, PEO124-b-PCL19o is eluted before PEO126-b-PCL142 due to its higher
hydrodynamic size, both samples being characterized by a molar mass dispersity of 1.7 and 1.8
respectively. The dispersity values of both polymers are relatively broad taking into
consideration that a controlled polymerization usually corresponds to a dispersity value near

1.2-1.3, but it is nevertheless acceptable.
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Figure II1.4. SEC of the two copolymers PEOn-5-PCL.

I11.2.2. PEO-b-PCL self-assembly

The self-assembly of various diblock copolymers into micelles or vesicles was described
in literature for different compositions. D. Discher and A. Eisenberg evidenced a general rule
to expect to form polymersomes in the case of polybutadiene-based copolymers (PBut-b-PEO).
They consider that a range of fhydrophitic 0f approximately 35 + 10 % is needed to form such
vesicular structure.!”® Moreover, Adams ef al. evidenced the possibility to form vesicles made
with PEO-b-PCL with a hydrophilic fraction of 15%.’® According to literature, the interval
leading to vesicular morphology is thus rather 20 £ 5 %.'°! In view of the information found in

literature, the two copolymers synthesized can theoretically form polymeric vesicles.

111.2.2.1 Nanoprecipitation

Nanoprecipitation, consisting in the addition of an aqueous phase that can contain the
drug and/or fluorophore due to their hydrophilicity in the case of this work, miscible with
organic medium, to an organic phase containing the polymer, has been performed. This method
introduced long time ago by Fessi et coll. is very common in pharmaceutical sciences to prepare
drug-loaded nanocarriers.”® This step is followed by either dialysis or the natural evaporation
of the organic medium leading to the formation of polymersomes in the case of a favourable
hydrophilic-hydrophobic ratio (otherwise, spherical or wormlike micelles are most likely
obtained, as they constitute the equilibrium state of the amphiphilic copolymer self-
assemblies).” It is also important to keep in mind that the sequence of addition and the speed
of addition can modify the dispersity in the case of drop addition, as shown by Sanson ef al. on
poly(trimethylene carbonate)-b-PEO vesicles.!®? Therefore, the same protocol must be used for

all copolymers to get comparable results. First, an optimization of the polymer concentration
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was performed to obtain the most concentrated suspension in the end. Indeed, the preparative
SEC treatment necessary to eliminate non-encapsulated dye or drug when it is used leads to
partial loss of material. Solutions with copolymer concentration of 20 mg/mL in THF were
prepared and diluted 10 times with the addition of aqueous medium. This concentration has
been chosen since further increase in concentration leads to the formation of precipitate. Since
a too quick evaporation of the solvent would also lead to the formation of a precipitate, we set

the temperature at ~ 21°C to get natural evaporation of the THF from the vial overnight.

111.2.2.2 Dynamic Light Scattering results

Nanoprecipitation of PEO126-b-PCL142 (f= 25 %) leads to a relatively low polydispersity
index of 0.17 (PDI of 0.1 in DLS is usually considered as a monodisperse size distribution) with
an average hydrodynamic size of 58 nm certainly corresponding to polymer micelles as
polymersomes show typically an average diameter around 100 nm instead. The manipulation
was performed several times and the results always tend towards a size of about 50 nm. Same
results were obtained after encapsulation of a dye followed by purification by preparative SEC
on a Sephadex™ G-100 superfine column showing a size corresponding to micelles domains.

This polymer is therefore no longer used.

For PEO124-b-PCL19o (f = 20 %), a broad dispersity of the nanoprecipitated suspension
PDI of 0.27 was observed with an average size of 105 nm. The size dispersity can be lowered
by using the extrusion technique, leading to a PDI of 0.2 with an average size of 90 nm. This
size range may correspond to the formation of polymersomes. As a reminder, the extrusion
technique consists in forcing the objects to go through different filters from 0.8 to 0.2 um under
pressure in a block heating near the 71, of the copolymer, in this case ~ 40°C. Another technique
is to pass the resulting suspension through a syringe filter to eliminate directly aggregated

structures, 0.2 pm filter pore size allowing the passage of objects with a size below 0.2 um.

111.2.2.3 Cryo-TEM results

To confirm the formation of the polymersomes, cryo-TEM analyses were performed on
the most promising samples (from DLS), to get access to the structure of the nano-assemblies.
Figure II1.5 shows the presence of solid round structures and long fibers. Nevertheless, solid

round structures exhibit too high sizes to be micelles. Based on research conducted by Mai and
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Eisenberg’!, the obtained structures seem to be close to the ones observed for PS-b-PAA

copolymer, namely flexible rods (worm-like micelles) and large compound micelles (LCMs).

Figure II1.5. Cryo-TEM of PE0135—b—PCL208
nanostructures resulting from nanoprecipitation
technique.

To finish this part, the first tests of encapsulation and in vitro release with a dye were
performed, by co-assembly with the copolymer PEO124-b-PCL19o followed by the adjustment
of the purification step. Nevertheless, in view of the cryo-TEM results, it was decided to stop
the experiments based on this type of copolymer. Indeed, the obtained results are concordant
with the ones of Qi ef al.!®® which evidenced that using a PEO chain of 5 or 5.8 kg/mol with
different hydrophilic fractions always leads to solid nanostructures (filled micelles) instead of

vesicles.

It was therefore necessary to change the copolymer composition to obtain the desired
polymersome structure. The thought at this step was in the context of the synthesis of a new
copolymer needed to form the polymersomes: “Why not use a more original copolymer which

is not yet described in the literature in the context of polymersomes?”
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I11.2.3. Synthesis and characterization of diblock copolymers, PEO-b-P(CL-co-LA)

In view of the introduction, using a system having a statistical hydrophobic chain

composed of LA and CL could be a great alternative to improve the pH sensitivity of the system.

Previous students at LCPO tested few years ago the formation of polymersomes with a
copolymer composed of a hydrophilic block made of polyethylene oxide and a hydrophobic
block made of a statistical block of polycaprolactone and polylactide. The idea was to tune the
melting temperature and the crystallinity rate of the polyester block, to obtain thermosensitive
vesicles (i.e. with membrane permeability increased by heating above 7,) while keeping the
pH-sensitivity (acidolysis). These tests were performed in the framework of Dr L.
Mezzasalma’s researches. It was chosen to use methods developed by Mezzasalma et al. 1941
for several reasons: (i) the catalyst used for the synthesis must be removed or has to be safe and
benign, for the future in vitro and in vivo tests. Therefore, the organocatalyzed polymerization
was chosen, and they have developed an organocatalyzed ring-opening polymerization (ROP)
to produce statistical block copolyesters composed by both lactidyl and caproyl ester repeating
units. Interestingly, this statistical copolymer is prepared in the bulk, i.e. in absence of solvent,
from benzoic acid acting as catalyst and an exogenous alcohol as initiator, also limiting the
potential harmful effect of the use of solvent. (ii) They have also studied the toxicity on cells of
benzoic acid, and they have found that it is not toxic at a concentration between 1 and 300 pM.
These results are thus compatible with the targeting application of the project if PEO (-OH
terminated) is used as macroinitiator. (iii) The LA was added in a statistical way due to the
hypothesis that the degradation of PLA, faster than PCL moiety, will lead to the formation of
free lactic acid. It could herein increase the acidity of the microenvironment and thus promote

the degradation of the hydrophobic polyester block.

111.2.3.1 Synthesis and determination of the composition of the PEO-b-P(CL-co-LA) by
'H NMR spectroscopy
Copolymers were synthesized by the same method as previously described, i.e. ring

opening polymerization (ROP). (Scheme I11.1)
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Scheme III.1. ROP reaction for PEO-b-P(CL-co-LA).

The 'H NMR is calibrated on the chain end of the PEO moiety, which is a methyl (peak
aat 6 = 3.37 ppm) and allows to extract the DP of the copolymers. The DPko is extracted from
the Equation III.1 giving a DP of 50. DPLa can be extracted from the peak b at 6 = 5.12 ppm,

which represents 2H (due to the lactide unit), according to the following equation:

DPra =1I512ppm /2  (Equation II1.4)

The DPcL can be extracted from the relative intensity of the protons from the statistical block
at Is.12ppm, 14.13ppm and 14.05 ppm compared to the intensity of the methylene protons e of end chains

at I3 55ppm after the subtraction of the DPpa:

I3 55 ppm
2

I5.12 ppm * Ig13 ppm +14.05 ppm
DPCL = 2 - DPLA (Equatlon III.S)
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Figure I1L6. 'H NMR (500 MHz; CDCls) of PEOso-b-P(CLao-co-LAs).

111.2.3.2 Determination of the molar mass dispersity (D) of the copolymer by SEC

Size exclusion chromatography brings two main pieces of information: (i) The SEC
analyses evidence the presence of free PEO chains (i.e. that have not initiated the ROP reaction),
which is particularly true for PEO4s-b-P(CL-co-LA),. A washing step with water was thereby
added to eliminate this free PEO. (Figure II1.7) (ii) Figure II1.8 represents the typical elution
profile for the copolymer (RI signal), where a second peak can be observed on the dark blue
curve. The question then was raised: “is it possible to already have lactic acid in solution
induced by the washing with water?” To answer this question, the SEC chromatogram of lactic
acid and THF were analyzed. According to these analyses, we can conclude that the second
peak observed for the copolymer corresponds to THF. This specific peak is due to the pulse of
RIsignal produced by the injection, modifying the baseline of the THF. The obtained dispersity
values D are c.a. 1.3 for PEO4s-b-P(CL-co-LA)n. Second information extracted from SEC is the
weight-average molecular weight obtained on the basis of a calibration with standard

polystyrene chains. The obtained M, can be far from the right My as all polymers do not present
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the same swelling degree in THF and therefore the same hydrodynamic volume, which is the
criterion for separation in SEC. To palliate to this issue, it is possible to determine the true value
M, of the chains by using the signal of a multi-angle light scattering (MALS) detector instead
of the RI detector, which necessitating to first determine the refractive index increment of the

polymer in the solvent, which will be the next point.
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Figure IIL.8. SEC analyses of THF (yellow), lactic
acid (green) and PEO-b-P(CL-co-LA) (dark blue).

111.2.3.3. Determination of the refraction index increment (dn/dc)

When using a MALS detector, the average molecular weight is obtained following: !

Znng
A*N 4

1
Mw = ke . where kc = (
(RQ—ZAZC

) (%) 2 (Equation II1.6)

Ry, excess Rayleigh factor; 4,, second virial coefficient; ¢, weight concentration (g/L); no, refractive
index of the solvent; A, wavelength; N number of Avogadro and dn/dc, change in refractive index as a

function of the concentration (or “RI increment”).
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The signal obtained by the refractive index (RI) detector measured for a series of different
polymer concentrations injected in a column without separation beads allows to finally obtain

the dn/dc value by linear regression, according to the following equation:!%
SRl = kFic (Z%)  (Equation IIL7)

SR signal of the refractive index detector; &', calibration constant for the refractive index detector and

¢, weight concentration in polymer.

The dn/dc value was determined for PEO4s-b-P(CL4s-co-LAg) giving 0.0751 instead of
0.1850 used with the polystyrene calibration. This leads to a slight modification of the M, (i.e.
10.8 kg.mol! (be careful that these values are based on a weak load sensing signal)) and a
dispersity of P = 1.3 whereas a previous Mw of 13.3 kg.mol™! with a dispersity of D = 1.4 was

obtained.

111.2.3.4. Determination of the degree of crystallinity of the copolymer

The self-assembly of copolymers into nanostructures for drug delivery can be critically
dependent upon the crystallinity of the copolymers. Indeed, the degree of crystallinity — defined
as the weight fraction of the copolymer that can crystallize below a certain temperature — is
correlated to the dynamic properties and in particular the drug permeability of the nanostructure.
In our case, both PL-LA, PCL and PEO are semi-crystalline, and influenced by the copolymer
stereo-regularity also called tacticity.®>!?”-1%® The melting point of pure PL-LA is usually around
170°C,' but it is not visible due to the presence of only 5 repeating units statistically
distributed in the P(CL-co-L-LA) random copolymer block. Instead, it is expected that the
presence of Z-lactic acid moieties in the chain will increase the degree of crystallinity as reported
for bulk samples of statistical P(CL-co-L-LA),> which would make our copolymer not only pH-
sensitive but also thermosensitive. On the thermogram of Figure II1.9, we identify the two
observed melting points at 41.7 and 47.7 °C to respectively PEO and P(CL-co-L-LA), which is
also an experimental proof of their phase separation at the nanoscale (otherwise there would be
a single peak). Finally, the rates of crystallinity were obtained from the integration of the
melting peaks. To define the crystallinity (y) of PEO and PCL, the enthalpy of fusion (AH,)
has to be measured as a function of the weight fraction of each block. Therefore, the measured

enthalpy of fusion of 5 J/g (of sample) associated to the PCL must be corrected with the weight
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fraction of PCL (62.8 wt %) and becomes 8 J/g (of PCL). Same correction is performed on AH,,
(19 J/g) associated to PEO (34.5 wt %) giving a AH,, of 60.3 J/g of PEO. This leads to y values
of 6% and 31% for P(CL-co-LA) and PEO (196 J/g for 100% crystalline PEO) copolymer
blocks, respectively. It is important to note that the theoretical melting enthalpy used for the
calculation of the crystallinity rate for the hydrophobic block is the one of pure PCL (139 J/g)
due to the low number of LA repeating units in comparison to that of CL. (Please note that the
melting peaks in the DSC curve are not well separated and overlap, thus there is an uncertainty

on the determination of the absolute value of crystallinity rate.)

246°C

0.5+

!
— T
2 29.0°C
= 364/g
FLE
.
©
Q
I

051 9Jig f45.1°C

1.0

41.7°C
-1.5 T T T T T T T
-100 -50 0 50 100 150 200
Exo Up Temperatu re (°C) Universal V4 4A TA Instruments

Figure II1.9. DSC curve of PEOu4s-b-P(CL3s-co-LAs), second heat, 10°C/min. The
inflection point around -50°C is ascribed to the glass transition (7y) of the polyester.

To conclude on this part, we note that we got some difficulties to obtain reproducible
batches with the same size of hydrophobic block. (Table AIIL1) It is thus imperative to find a
synthetic way leading to reproducible batches of copolymers. An interesting alternative could
be using aluminium alkoxydes like Ti(OiPr)s as catalysts and initiators of the ROP of lactides
and lactones which are not toxic.> Moreover, it has recently been used at very low content (down
to 0.1%) by Meimoun et al. to prepare statistical P(LA-co-CL) copolymers leading to the
incorporation of an important fraction of lactidyl units.>~> Moreover, the catalytic quantities of
aluminium used in the synthesis should not bring toxicity. Indeed, the body is daily exposed to

aluminium (approximately 30 mg per day).6

119



Chapter 111

I11.2.4. PEO-b-P(CL-co-LA) self-assembly

Copolymers used in the following section are composed of PEO-b-P(CL-co-LA) with a
fhydrophilic between 20% and 30%. (Table II1.2) Different techniques of characterization were
used to probe the structure and morphology of the nanoobjects. At first, an easy and accessible
technique in the laboratories such as DLS was used. Nevertheless, it is important to determine
the gyration and hydrodynamic radii respectively R, and Rn to get a closer insight of the
structure. To do that, more advanced techniques are available like multi-angle light scattering
(MALS), asymmetric flow field-flow fractionation (AF4) which shows encouraging
preliminary results, small angle X-ray scattering (SAXS) and finally cryo-transmission electron
microscopy (Cryo-TEM). It is important to develop other techniques that are easier to access
and less expensive than cryo-TEM, which that can be used as a final characterization technique
due to its expensive and time-consuming analyses. Therefore, we used all the panel of
techniques accessible to us to scan the morphologies of the samples prepared by several self-

assembly processes.

Table II1.2. Structure of PEO-b-P(CL-co-LA) copolymers used in this work for the different analyses
where the index represents the DP of the different moieties calculated from 'H NMR.

Techniques Methods Copolymers Jnydrophitic (%0)
Nanoprecipitation PEQO4s-b-P(CL49-co-LAg) 23
DLS
Thin film PEQ4s5-b-P(CL3s-co-LAs) 30
Nanoprecipitation /
MALS
Thin film PEQOu4s5-b-P(CL3s-co-LAs) 30
Nanoprecipitation PEQO4s-b-P(CLsg-co-LAg) 20
AF4
Thin film PEOu4s5-b-P(CL3s-co-LAs) 30
Nanoprecipitation PEQOu45-b-P(CLsg-co-LAg) 20
SAXS
Thin film PEQOu4s5-b-P(CL3s-co-LAs) 30
Nanoprecipitation PEO4s-b-P(CLa4g.co-LAg) 23
Cryo-TEM
Thin film PEQOu4s5-b-P(CL3s-co-LAs) 30
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I11.2.4.1 Nanoprecipitation

As defined previously, nanoprecipitation is used for its simplicity, feasibility at higher
scale, the narrow size distribution of the polymersomes, .... Same conditions than described
previously (section II1.2.2.1) after optimisation were used in the case of these new copolymers
(~ 20 mg/mL of copolymer in THF put under stirring, followed by the addition of five volumes
of aqueous medium overnight at ~ 21°C). DLS analyses were performed after the
nanoprecipitation in PBS of the copolymer giving an average diameter of 88 = 23 nm (average
on 6 samples loaded or not) after filtration through syringe filter of 0.22 um pore size. Indeed,
in this case, nanoprecipitation led to slightly broad size distribution (PDI = 0.18 £ 0.11).
Moreover, 0.22 pum filtration has to be performed prior to biological tests to remove any
bacterial contamination from the medium. That is why samples were filtered to be close to the

real conditions of the samples to be used for in vivo and in vitro tests.

The results obtained by DLS were similar to the ones obtained for PEO-b-PCL described

previously, i.e. micellar structures.

Intensity (a.u.)

0 1 1 1 1
1 10 100 1000 10000

d (nm)

Figure I11.10. DLS analyses of PEQOass-b-P(CL49-
co-LAs) nanoprecipitation, Zae diameter = 85.7
nm; PDI = 0.23; in PBS; not loaded.

111.2.4.2 Thin film rehydration

Another technique often used is the thin film rehydration. Also called “reverse-phase
hydration”, this technique was introduced for liposomes long time ago but can be extended to
polymersomes.?*® This method consists in the solubilisation of the copolymer in an organic
solvent followed by its evaporation by a rotavapor with a heating bath above the 7 of the
copolymers to form a thin film on the round bottom flask. Thanks to heating, the block

copolymer film is in the fluid state and thus much more dynamic to rearrange and self-assemble
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into vesicles when aqueous medium is introduced, a prerequisite for a semi-crystalline
copolymer such as PEO-b-PCL.2! This film is then hydrated with five volumes of aqueous
buffer with a bath at ~ 70°C. A vigorous agitation, helping the multi-lamellar film to swell and
form enclosed vesicles, is kept during approximately 2 hours. This manipulation leads to the
formation of nanostructures with a mean hydrodynamic size of 121 £+ 13 nm (average on 9
samples loaded or not) and a low PDI of 0.17 + 0.05 by DLS, after filtration through a syringe
filter of 0.22 um. This size distribution gets closer to what is expected for a suspension of mostly

polymersomes, without interference with object of other sizes or morphologies.

N
o

Intensity (a.u.)
S o
1 1

(3]
1

0 1 1 1 1
1 10 100 1000 10000

d (nm)
Figure III.11. DLS analyses of objects self-
assembled by the thin film rehydration method;
PEO45-b-P(CL35-LAs), Zaver diameter = 103.2
nm; PDI = 0.16; in PBS; not loaded.

111.2.4.3. Multi-angle light scattering (MALS)

MALS is a technique that couples dynamic light scattering (DLS), giving access to the
hydrodynamic radii (Rn), and static light scattering (SLS), allowing determination of radii of
gyration (Rg) and potentially also the molar mass of the scattering particles (My). Their
measured ratio, p = Ry/Rn, allows to determine the morphology of the nanostructures and
therefore it is sometimes called the “shape parameter”.2°? In theory, a p parameter of 0.775 is

expected for a suspension of filled micelles, while vesicles should exhibit a value of 1.192:203

This arises from the theoretical value R; = /(3/5)r in the case of a solid sphere of radius 7,

instead of R, = r in the case of a hollow spherical shell like vesicle.

DLS gives access to Ry according to the Stoke-Einstein relation relating the translational
diffusion coefficient to the radius of the equivalent hydrodynamic sphere. The decay rate values

(I') of the autocorrelation function G(¢) determined by analyzing the fluctuations of scattered
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3000

light intensity are measured at varying scattering angle 8 between 30° to 150° in steps of 10°,
and plotted as a function of g2, which is the squared scattering vectors. The linear regression

gives access to the diffusion coefficient (D) according to the following equation:

r=Dq? (Equation I11.8)
where the scattering vector (g) is defined as:?* q = % sin(6/2) (Equation IIL.9)

with no, refractive index of solvent; 6, scattering angle between scattered and incident beams; A, laser

beam wavelength (usually 633 nm).

The Rn value is then calculated from the Stoke-Einstein relation:

kpT
- 6mTNs D

(Equation III.10)

with kg, Boltzmann constant; 7, absolute temperature; 15 solvent viscosity

Figure III.12 gives access to the fitting method allowing to extract the value of D
coefficient, then leading to Ryn. These results are in the same range than the hydrodynamic
diameter (dn = 2 Ry) obtained by DLS measurement at single 90°angle on the Zetasizer setup,

even though the diameter values are slightly larger. (Table II1.3)
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Figure II1.12. Plot of the main decay rate of the autocorrelation function of scattered light intensity determined by the 2™ order
Cumulant method and fitting as a function of the square of the scattering vector: (A) Linear regression (B) linear regression with
the constrain of zero intercept with the vertical axis (C) second order polynomial fit, which takes into account the effect of size
polydispersity. (Sample PEOus-b-P(CL35-co-LAs), prepared by the thin film hydration method, not loaded with drug and/or dye)

SLS (measurement of the static scattered light intensity at different angles) gives access
to the R,. R, values are obtained according to different laws governed by Zimm, Guinier and

Berry plots. In our case, Guinier plot is used since it allows determining the R, for particles in
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suspension with the limitation of using particles with a maximum radius of 100 nm. According
to Zimm law, both the R, and M, values can be extracted by the variation of Kc/ARy as a

function of ¢*:

Ke _ i(1 +§ R} qz) +24,c (Equation IIL.11)

ARy M,

Where K is a constant defined as: K = (Equation I11.12)

_ 2
ARy, the Rayleigh ratio defined by 4Ry = (Imlp—lo) (ﬂ) RY! (Equation I11.13)

tol Ntol

With ¢, the concentration (g-cm™); dn/dc, refraction index increment of the particles already introduced
for the SEC experiments, M., the weight — average molecular weight of the scattering objects; R,, their
radius of gyration; 4, the second coefficient of Viriel development; /s, intensity (count rate) measured
on suspension; /i1, intensity measured on toluene; /o, background intensity measured on pure solvent;
no=1.332, refraction index of PBS; ni=1.496, refraction index of toluene; Ré"l =1.355%x107°

cm’!, tabulated value of the Rayleigh ratio of toluene (independent of 6); Na, Avogadro number; 4, laser

wavelength.

Finally, instead of performing the whole Zimm plot (i.e. measuring the Rayleigh ratios for
different scattering angles and concentrations to verify the Equation III.11), one can measure at
a single concentration and then In /(g) can simply be plotted as a function of ¢? in the very low

g limit (qRz<<1) according to Guinier’s equation:

2 p2
Inl (@) =Inl, — 1" Ry

(Equation III.14)

Sometimes a linearized version of this relationship is used, also called Debye’s equation:

2

2
1(q) = I, (1 _ 14 :g) (Equation IIL.15)

Alternatively, another form called Berry’s equation is used:

1/JT@ = 1/{1, (1 + "26R§) (Equation I11.16)

The slope R /3 obtained by a Guinier plot (Figure III.13) gives access to Ry, with a value of

62.9 nm for this sample.
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Figure II1.13. Guinier plot for sample

PEO4s5-b-P(CL3s-co-LAs), prepared by the

thin film hydration method, not loaded with

drug and/or dye.

Finally, Table III.3. shows the Rg/Rn ratio calculated with the different regressions
obtained by DLS. Results show a ratio close to 1 which evidences the presence of vesicles in

the medium.

Table II1.3. Ratio of the p parameter (R/Rn) according to the different regression methods for Ry

determination. R, was obtained by a Guinier plot of the static light scattering data (Figure I11.13).

Multi-angle DLS linear regression linear regression parabolic regression fit
analysis method: through (0,0)
P =Rg/Rn 62.9/552=1.14 62.9/60.3 = 1.04 62.9/63.25=1.00

Nevertheless, these MALS analyses were performed only on the rehydrated film
samples which most likely lead to polymersomes, because the sample has to be relatively
monodisperse to obtain convincing results. Although this technique is quite useful, it still
suffers from two main limitations (i) the radius has to be below 100 nm to verify the gR<<1
limit of Guinier’s law, and (ii) the sample has to be monodisperse and thus cannot be constituted
of a mix between two types of particles, e.g. vesicles and micelles. In the following section, we
will show and explain why this analysis has not been carried out on micelle-rich samples. To
palliate to these issues, another technique allowing separation of the different populations

present in the samples will be used.
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111.2.4.4. Asymmetric flow field-flow fractionation (AF'4)

First tests on asymmetric flow field-flow fractionation were performed as a powerful
tool mainly in the case of a mix of structures in the sample. This technique allows to separate
different particles — of nanoscale size — according to their hydrodynamic sizes, like SEC can
separate between individual polymer chains. The principle of this technique is based on the
combination of both a diffusion flow and a convective crossflow of solvent, in perpendicular
directions. After being injected in a thin channel, the colloidal particles follow a parabolic
(Poiseuille type) laminar flow in the channel. The sample distribution spreads through the
channel under the action of the two opposite flow forces. The diffusion profile is governed by
the diffusion coefficient giving access to the Ry value, with following modifications compared
to Equation IT1.10 due to the utilization of a solute and the presence of channel walls:205-206

. kgTV® tr
T 6nmngD w2V t0

(Equation II1.17)

ks, Boltzmann constant; 74, solvent viscosity; 7, absolute temperature; 7’ volume of the channel; w,
channel thickness; V, crossflow rate; t;, retention time of the solute and ¢/, time for the solvent molecules

to pass through the channel.

Where 77, w and ¢’ are defined by the channel used during the experimental measurement, and

t: is obtained by a calibration with a reference solution containing particles of known sizes.

The AF4 system, in our case, is coupled to a MALS detector giving the possibility to
extract the Ry as previously explained in the case of SLS. For the AF4 MALS signal analysis,
different theories can be used with the Astra 8 analysis software to extract the R, values
according to one of the equations described in the SLS section. Different examples of AF4
fractograms corresponding to different nanostructures are given in Figure II1.14 and Figure
III.15, (a), (b) and (c), in particular showing the Burchard-Stockmayer plots which are the
curves of the shape factor p (point) as a function of the elution volume in the channel (straight
line), starting from the smallest particles on the left towards the largest particles on the right
(which is the opposite compared to SEC chromatograms for soluble polymer chains). The shape
factor was extracted at three different elution times on the resulting curve of detection for each

sample to evidence the presence of one or more population.

The first sample analyzed by AF4 was the one prepared by nanoprecipitation and was

constituted by other structures than vesicles, according to two types of fit (Figure I11.14):
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(a) and (b) The Berry equation was used to fit the same MALS signal, and obtain the Ry, whereas
the Rn was determined by standard Cumulant fit of the DLS correlograms, for a part of the

fractions along the fractogram.

(c) Rod-like structure fit with a cylinder form factor which allows to extract the R, value, related

to the cylinder dimensions by:
2 2 :
R; =T /2 +L /12 (Equation II1.18)

where R is the cylinder radius and L its length.

Then the measured shape parameter p = Ry/Rn exhibit high values, starting from 0.77 for the

smallest size objects to about 2.31 for the largest ones. Theoretically, the p value tends towards
g\/E = 4.7 for infinitively long cylinders, therefore such values are compatible with cylindrical

micelles, in accordance with the rod-like shape factor analysis.?’” Table II1.4 evidences the
extracting parameter leading to the shape factor of each point. The beginning of the curve (point
(a)) exhibits micelle morphology followed by a supposed mixture between micelles and rods
due to the increase of the form factor. The end of the curve exhibits the presence of rods in the

medium.

The second sample analyzed by AF4 was the one prepared by thin film method and was

constituted by polymeric vesicles, according to one fit (Figure III.15):

(a), (b) and (c) The fit of MALS signal for a sample made of polymersomes was made with
Debye theory to extract the R,. This led to a Ry/Ry ratio of nearly 1 over the whole distribution,

which evidenced the formation of polymer vesicles exclusively.

Table II1.5 shows that, regardless of the elution time, the Ry/Rp ratio is ~ 1 as polymersomes

nanostructures.
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Figure III.14. On the upper Figure, the chromatogram of elution was represented with the corresponding measurement at 3
different times (a) and (b) Fit of MALS signal giving Rgaccording to Berry’s law Eq. 3.16 and Burchard-Stockmayer plot below
(c) Fit of MALS signal according to the rod theoretical shape factor and rods plot below for sample PEOas-b-P(CLss-co-LAs),
prepared by nanoprecipitation (where points represent p and straight line represent the elution curve).

Table I11.4. Extraction of the R, and Ry values from the different fittings of Figure I11.14.

(a) (b) (©)
(Berry fit) (Berry fit) (Rod fit)
dn/dc (mL/g) 0.0751 0.0751 0.0751
Elution time (min) 23.2 239 24.8
R, 39.2+0.2nm 57.54+0.3 nm 293.5+2.6 nm
Ry 50.9 £12.4 nm 68.9 £29.2 nm 127.2 £87.3 nm
P = Ry/Ry 0.77 0.83 2.31
Nanostructures Micelles Micelles (+ Rods) Rods
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Figure II1.15. On the upper Figure, the chromatogram of elution was represented with the corresponding measurement at
3 different times (a), (b) and (c) Fit of MALS signal giving R; according to Debye’s law Eq. III.15 and Burchard-
Stockmayer plot (where points represent p and straight line represent the elution curve) of the shape parameter p along the
fractogram below for sample PEQOass-b-P(CL3s-co-LAs), self-assembled by the thin film rehydration method.

Table III.5. Extraction of the Ry and Ry, values from the different fitting of Figure III.15.

(a) (b) (c)
(Debye fit) (Debye fit) (Debye fit)
dn/dc (mL/g) 0.0751 0.0751 0.0751

Elution time (min) 22.8 239 24.9
R, 40.8 £2.80 nm 55.6 £2.2 nm 68.0 £ 2.5 nm
Ry 41.0£9.2 nm 46.2 £18.0 nm 67.0 £24.8 nm

p = Ry/Rn 0.99 1.20 1.01
Nanostructures Polymersomes Polymersomes Polymersomes

129



Chapter 111

111.2.4.5. Small angle X-ray scattering (SAXS)

When vesicles are evidenced, small angle X-ray scattering gives access to the thickness
of their membrane. This method is called “reciprocal” in the sense that it makes the analogue
of a Fourier transform of the shape or of repetitive patterns of the matter at the nanoscale, giving
access to the global morphology and average size of nanoparticles, under the condition that
their radii of gyration respect the Guinier limit gRy<<I, or at least gRz<1. As shown on the
Figure II1.16, the size and the dimensionality of the nanostructures can be extract by plotting
the intensity as function of ¢ in a log-log scale, in the so-called Guinier domain (i.e. at low g).

Size Shape Surface

Guinier Fourier Porod
Radius of gyration Cross-section Structure  Surface per volume

Log P(q)

q-4 /q-3

Log (9)

Figure III.16. Information that can be extracted from X-rays scattering for
the form factor inspirated from Anton-Paar documentation on SAXS.

SAXS measurement is based on the deviation of a collimated beam of X-rays (i.e. made parallel,
thanks to apertures) at small angles typically 8 <1° induced by the particles dispersed in the
solvent in the case of this study (yet SAXS can also be applied on thin solid films, if their
absorption is not too high). This X-rays scattering induced by nanoparticles is defined by the
differential scattering cross-section (i.e. the fraction of photons scattered by the particles under

an illumination beam flux Iy, at a direction 6 and in a solid angle df2) as:2%

= (@) = 2 (1) L(q) (Equation I11.19)
dan v
1 [N, I A N | in (q7yj) .
(@) = - |22, F@ed 7| = 550, 32, F()F (@) = 8 (Equation 111.20)
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where /i represent the Fourier transform of all the particle form factor Fi(g) taking into account their

phase differences due to their different positions 7 and orientations relatively to the scattering vector §;

: . . . Ny 1 .
N,, number of particles in the scattering volume V' (with 7p = for a homogeneous suspension);
p

@, volume fraction of the particles in suspension.

The right hand of Equation II1.20 is an approximation for particles having spherical
geometry: in case of anisotropic particles, it is hypothesized that they exhibit random
orientations in the suspension. Within this hypothesis, and also under condition that the
suspension is diluted enough so that inter-particle interactions can be neglected, the SAXS
measurements can be fitted according to theoretical form factors P (¢) which have been derived
for all simple or complex geometries (spheres, cylinders, plates, core-shells and hollow shells
i.e. vesicles...), in particular by Jan S. Pederson. In addition, the scattering invariant (Q) which
represents the volume of the entire reciprocal space scattering can be used to access to the
volume fraction of the particles, when their contrast is known (or the reverse).?” For a

suspension of particles, whatever their shape, the equation is:
Q = ["1(q)q?dq = 2m*(Ap)? @, (1 — B,) (Equation I11.21)

0, scattering invariant; Ap, contrast of X-ray scattering length density between particles and solvent;

@,, volume fraction.

In practice, the integration is performed numerically from the experimental I(g) from
@min 10 gmax. The system is very sensitive to background subtraction (for example, the reference
capillary filled with pure PBS must be identical to sample capillary, with same diameter), but
nevertheless, the experimental invariant can give good insight on the actual concentration of
the scattering particles (if their contrast to X-rays, Ap, is well-known). In X-ray scattering, the
contrast of the particle can be easily calculated from the chemical formula of the compound by
counting the number of electrons of all their constituting atoms, which all exhibit the same
scattering length (i.e. square root of their scattering cross-section), be- = 2.812x107!3 ¢cm. The
sum is then divided by the molecular volume (known from the molar mass and the mass density)
to compute the scattering length density (SLD), p. The contrast Ap is then simply the difference
with the SLD of the solvent, here pyger = 9.4 X 101° cm™2, the salts having negligible effect

unless they contain high Z number metal cations like lanthanides. Taking into account the
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monomer formulas of PLA, PCL and PEO and their mass densities, which vary between 1.1
and 1.2 g-cm™ (or even 1.4 g-cm™ for the crystalline form of PLA), we can consider an average
SLD ppcr = ppra = Pppo = 11 X 101° cm™2. Therefore, we deduce an average contrast to X-

rays Ap = 1.6 x 101° cm™2 for all the copolymers.

As expected, Figure III.17 shows the SAXS curves of samples prepared by
nanoprecipitation (with or without drug loading) which do not exhibit the g2 envelope expected
for vesicles. With rather a g™ behavior, the curves are representative of a polydisperse sphere
form factor. In order to compare their sizes by SAXS with the DLS measurement, the Rz-average
value was calculated from the P(R) Log-normal distribution function of radii used to fit the data

by convolution of P(R) with the theoretical form factor P(q,R) of spheres of radius R.

On the other hand, the SAXS curve /(q) plotted on Figure II1.18 exhibits a g? which is
typical for a hollow shell. Moreover, the Ry can be extracted from the following Guinier

equation:
2
In[I(q)] = Inl, =L q? (Equation 111.22)

In theory, the largest R, values that can be measured are of the order of gmin' ~222 A
(22 nm), but in practice we can manage to determine the onset of the “Guinier plateau” of
objects for Rg values up to 40-50 nm (although with more uncertainty). In this case, the extracted
Rg value is 49 nm, within the margin of error of the Guinier’s fit. The membrane thickness is

determined with much better precision, giving it a value of 12.6 nm typical for polymersomes.

Poly(CL-C0-LA)g-b-PEO,, Loaded Poly(CL-co-LA)g-b-PEO,,
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Figure II1.17. SAXS curves of (L)P(CLss-co-LAs)-b-PEO4s samples, loaded (L) and unloaded obtained by
nanoprecipitation technique as micelles structures, after subtraction of the intensity measured on a capillary filled
with pure PBS buffer. The curves were fitted with the theoretical P(g) form factor of polydisperse filled spheres. In
order to compare to the DLS results, the Z-average radii defined by R3_,,. = (R®)/(R3) were calculated using the
Log-normal size distributions shown as insets, yielding: Rz.a.= 35 and 36.5 nm, respectively for unloaded P(CL-co-
LA) and loaded P(CL-co-LA) samples. The weight concentrations of the suspensions were measured by
thermogravimetric analysis (TGA), respectively 4.8, and 4.7 g-L'\.
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Figure I11.18. SAXS curve of PEO4s-b-P(CL3s-co-L As) formulated by thin film rehydration method, after subtraction of
the intensity measured on a capillary filled with pure PBS buffer. Dry extract concentration measured by TGA: 4.9 g-L-
!, after subtraction of the weight of PBS salt. The solid line corresponds to the calculated P(g) for a hollow shell of core
radius 32.3 nm (taking into account a polydispersity index of 0.35) and a membrane thickness of 12.6 nm (PDI=0.15).
The Rg value is 49 nm as calculated by Guinier plot but as explained above, it is the upper limit that can be measured in
this configuration (the curve does not exhibit a Guinier plateau towards low-q values).

111.2.4.6. Cryo-TEM

For sample prepared by nanoprecipitation, cryo-TEM evidenced small solid
nanostructures, 21.2 = 4.4 nm in size, as shown in Figure II1.19. The broad signal previously
obtained by DLS can also be explained by the presence of rods in the sample. These results
finally evidenced the presence of micelles in the medium as opposed to the structure obtained
with thin film rehydration. Figure I11.20 clearly shows the presence of nanostructures with a
bilayer. The Cryo-TEM allows to determine an average diameter of the vesicle of 90 £ 30 nm
with a membrane thickness of 11 £ 1 nm (average on n = 100 particles and n = 59 bilayer).
Comparing cryo-TEM of nanoprecipitated samples with the ones prepared by the thin film
method, it is possible to clearly evidence the difference between the structures obtained using
both methods. (Figure AIIL.1 ; Figure AIIl.2) We can interpret this result like in the work of
Zhou et al. on PCL-b-PEO self-assemblies, who demonstrated the positive role of heating above
the 7Tm during the film rehydration step, which gives more mobility to the chains than the

presence of the THF solvent in the nanoprecipitation route.?"!
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Figure I11.19. Cryo-TEM of PEOas-b-P(CLa49-co-L As) obtained by nanoprecipitation showing the presence
of micelles and rods, and the corresponding histogram based on measurement of 100 micelles fitted by a

gaussian function.
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Figure I11.20. Cryo-TEM of PEQOas-b-P(CL3s-co-LAs) obtained by thin film rehydration and on the
upper right, their histogram corresponding to a measurement of 101 vesicles fitted by a gaussian
function. On the bottom right, a histogram obtained on the measurement of the thickness of the
membrane measured on 59 membranes fitted by a gaussian function.
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111.2.4.7. Stability over time

To ensure the stability of the resulting polymersomes over time, measurement of the
Zaverage diameter and the PDI were performed by DLS on polymersomes made of a PEO-b-
P(CL-co-LA) by thin film method in PBS. Measurements were carried out for approximately
two months and Figure II1.21 confirms a stable Zaverage With a slight increase of the PDI.
Polymersomes structures kept their integrity over two months, but it could be interesting to

perform new analyses to evidence their shape or to confirm their integrity at longer term.
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Figure II1.21 . Stability of polymersomes obtained by thin film in PBS over
time by measuring their size and their PDI for 77 days (one measurement
every 7 days). The Zaverage On 3 measurements were plotted as a function of
time as the PDL

Now that we have solved the issues to obtain vesicles as compared to spherical or
cylindrical rods (worm-like micelles) thanks to the self-assembly route, we will describe in the
next section the method to encapsulate bioactive substances or fluorescent dyes in their aqueous
cores and wash the external phase. But first of all, we need to precise which compounds will be

loaded and how to obtain them.

I1.2.5. Encapsulation of active substances and dyes in PEO-b-P(CL-co-LA) self-

assembly

111.2.5.1. Synthesis of ZW800-1
Optical imaging (OI) allows the visualization of different kinds of luminescence
processes that generate light emission. Among them, fluorescence imaging (FLI), which is

based on photoluminescence, requires the use of fluorescent dyes that absorb an excitation light
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and then emit back instantaneously photons at an upper wavelength. The visible light (400-
650nm) penetration into biological tissues is limited to few mm due to the presence of highly
absorbing molecules such as melanin and hemoglobin, and by the multiple scattering caused by
tissues, membranes, fibers etc... Fortunately, this biological absorbance of photons decreases
drastically in the near-infrared (NIR) region, particularly in NIR-I window i.e. 700-900 nm
range, allowing of few cm of depth of imaging. Moreover, autofluorescence of biological
tissues is far weaker in the NIR as compared to the visible range, leading to far less background.
For these reasons, exogen fluorophores are developed to absorb light in the NIR and achieve
the best penetration and sensitivity. The only NIR fluorescent dye approved by the FDA for
human use is the indocyanine green (ICG), but this compound is instable in aqueous media and
has a moderate quantum yield.?!%2!! Hence, Choi et al.?'!*'? developed a zwitterionic near-
infrared fluorophore that absorbs at a wavelength of 772 nm and named ZW800. Interestingly,
ZW800-1, a ZW800 derivative with a carboxylic function, shows a quantum yield (QY) of 15%
and an extinction molar coefficient, &, of 249k L-mol!-cm™!, making it a good candidate for
FLI (the product of QY and ¢ determines the “brilliance” of a fluorescent probe). The synthesis
of this molecule allows its functionalization by taking advantage of the presence of the arm in
the center of the molecule. (Scheme I11.2) Still, some steps of the synthesis remain laborious
and time consuming, moreover the desired product lacks in purity. Regarding this, the 3™ step
of the synthesis was optimized in collaboration with J. Razafimahefa based on the protocol

developed by Yang et al.*'3

OH

o=s=o0

Scheme III.2. Synthetic scheme of ZW800-1, adapted from reference 211, with some modifications in our
work (a) 3-methyl-2-butanone AcOH, Ar atm,180°C overnight (b) KOH, 2-propanol, 40°C, few hours (c)
(3-bromopropyl)trimethylammonium bromide, toluene, atm Ar 120°C, overnight (d) Vielsmeier-Haack : 1)
DMF, POC13’ 0°C ; ii) cyclohexanone/DCM, reflux (100°C), 2 h iii) Aniline/EtOH, 0°C to r.t. (¢) AcONa,

EtOH atm Ar, reflux, 6 h (f) NaOH/MeOH, 2 h (g) HyO/DMSO, atm Ar, 70°C, 6 h.
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The third step was investigated because the reaction developed by Choi et al. required
48 h and, when reproduced in our laboratory, led to a yield under 10%. Moreover, the potassium
2,3,3-trimethyl-3H-indole-5-sulfonate should be added as a thin powder due to its poor
solubility in toluene. The reaction temperature was also modified to 70°C (Choi’s synthesis:
180°C) since the end-product was insoluble in toluene and sticked at the bottom of the flask.
Given that the temperature of the reaction determines the kinetics of reaction, it was decided to
increase the temperature and stop the reaction once all the product has been dissolved and that
no supernatant is still visible. The reaction time is therefore dependent on the amount of material
used for the reaction. For example, using 5 g of potassium 2,3,3-trimethyl-3H-indole-5-
sulfonate at a temperature of 120°C, approximately 4 hours are needed to fully dissolve the
reactant and leads to a final yield between 20-36%. Finally, the first step of filtration after
reaction was suppressed and the solvent of reprecipitation, MeOH was added directly into

toluene.

The reaction leading to Vilsmeier-Haack moiety was also optimized to improve the
purity. Indeed, the by-product induced during this reaction leads to the formation of a blue by-
product after the last reaction which is difficult to eliminate by washing steps. The protocol

optimized by Yang et al. allows to obtain a product with a better purity.?!3

111.2.5.2. Encapsulation of ZW800-1, rhodamine B and doxorubicin

In the following, the copolymer self-assemblies described so far were used to
encapsulate ZW800-1, rhodamine B and doxorubicin, with the aim to act as driving vehicles to
deliver a drug at a tumor site. As reminder, the ZW800-1 is a fluorophore used to perform NIR
FLI, doxorubicin is a common anticancer drug very used in chemotherapy, and rhodamine B is
a fluorophore used to perform confocal analyses of cells for the preliminary in vitro studies,
before preclinical assays, i.e. in mice. Moreover, rhodamine B has a similar structure than
ZW800-1 in term of charge allowing, supposedly, a similar encapsulation behavior. In another
way, it was supposed that due to charges presence on rhodamine B, as ZW800-1, it does not
cross the hydrophobic membrane (11-12 nm thickness as estimated by SAXS and cryo-TEM).
Actually, ZW800-1 could not be used for confocal microscopy analyses because it absorbs at
772 nm while standard confocal equipment does not possess the right lens to probe the NIR
region. Therefore, it is necessary to use another fluorescent dye, in the visible range, herein
rhodamine B. The rate of encapsulation of each dye was first optimized. An increase in the rate

of encapsulation was evidenced while increasing solution concentration to 5 mM during the
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copolymer self-assembly. Above this concentration, the loss of compounds during the step of
encapsulation became too high compared to the small increase of compound encapsulated in
the nanostructure. Thus, it was chosen to limit the consumption of the different compounds by

using a loading concentration of 5 mM.

The encapsulation efficiency of drug and dyes by the nanostructures is evaluated by two
different parameters: the drug loading content (DLC) and the encapsulation efficiency (EE).
(Equation II1.23; Equation I11.24). The concentration in doxorubicin, ZW800-1 and rhodamine
B were determined by fluorescence spectroscopy from a previously performed calibration
curve, after addition of Triton™ X-100 in the medium to destabilize the nanostructure, releasing
dyes and drug. (Please note that the calibration lines were performed in the presence of 10% of
Triton™ X-100) Results on Table II1.6 show that spherical and rod-like micelles exhibit a poor
capacity to entrap dyes and drug, with a high error that can be due to uncertainty on low
fluorescence measurements, or dilution, etc. On the opposite, polymersomes show a high
capacity to encapsulate doxorubicin due probably to the amphiphilic behavior of doxorubicin
leading to its presence both within the bilayer and in the hydrophilic cavity. Instead, ZW800-1
exhibits a highly hydrophilic behavior (owing to its multivalent charge), leading to its

encapsulation only in the hydrophilic cavity.

weight of drug in polymers

DpLC (%) = ( ) x 100 (Equation 111.23)

Final weight of (polymers+drug)

weight of drug in polymers

EE (%) = ( ) x 100 (Equation 111.24)

weight of initial quantities of drug

Table I11.6. Comparison of DLC and EE* between micelles/rods and polymersomes.

ZW800-1 Doxorubicin
DLC (%) 0.17+0.19 1.8+ 1.14
Micelles
EE (%) 0.006 £0.0055  0.27 £0.07
DLC (%) 0.47+£0.38 49.9 £18.29
Polymersomes

EE (%)  0.052+0.047  8.73+1.87
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*Dyes and drug were titrated by fluorescence spectroscopy thanks to prior calibration curves and disruption of the

nanostructures by adding 10% of Triton™ X-100.

Preliminary results on the capacity of polymersomes to release the dye and doxorubicin
in an acidic medium were recorded on flow-through dissolution systems.?!'* The absorbance of
drug or dye was recorded at different time intervals in the continuous flow of the medium, at a
regulated temperature of 37°C. Release tests were performed at pH 5.5 and 7.4, in parallel. At
both pH, we observe a burst release phenomenon of doxorubicin from polymersomes in the
first minutes of the test. (Figure I11.22) Still, a higher burst release can be observed when the
polymersomes were subjected to a pH of 5.5, mimicking the acidic environment of the
endosome. After this burst effect, we can note that doxorubicin is still released from the
polymersomes at pH 5.5 while at pH 7.4, no more doxorubicin is released. In the case of
ZW800-1, no release was observed at both pH. This can probably be explained by the presence
of charges on ZW800-1 making it unable to diffuse through the bilayer while doxorubicin,
owing to its amphiphilic behavior, is able to diffuse through the hydrophobic membrane.
Nevertheless, this analysis should be performed with the optimized conditions to obtain a
percentage of release versus time giving access to the diffusion law followed by the

nanoparticles in closer conditions to the preclinical assays.
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Figure I11.22. Drug (left, doxorubicin) or dye (right, ZW800-1) release assay from polymersomes using Sotax™
USP-4 flow-through dissolution system in two different conditions of pH, at 37°C.

To summarize, nanoprecipitation was first used due to its ease and potential to be

adapted to scale up production. Unfortunately, it was found by several methods (ALS, AF4,
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SAXS, cryo-TEM...) that this technique leads to micellar structures, either spherical or
wormlike, i.e. which present a hydrophobic core. Moreover, a signal has been detected in
fluorescence even after the purification step, which corresponds to partial encapsulation, or at
least an adsorption of the dye and of the drug. As a reminder, we use 2 kg-mol™! PEO chains as
hydrophilic copolymer block, thus it is possible that some molecules are trapped in the
hydrophilic corona of the micelles. Moreover, doxorubicin exhibits an amphiphilic behavior
and can partition between the two domains of the structures. It was thus decided to test the
micelles in vitro and in vivo. These samples are also constituted of rods and Ridolfo et al.

evidenced the utility in drug loading of rods made of PEO-b-P(TMC-co-CL).2!3

The modification of the structure for the thin film method can be explained by the plasticizing
effect of chloroform used in the formation of the film. Although THF is a better solvent for
polyester (as can be evidenced from the Hansen solubility parameters, leading to a calculated
solubility parameter of PCL y=0.01 in THF versus y=0.13 in chloroform), it is also miscible
with water, therefore THF is more rapidly eliminated for the membranes during the
nanoprecipitation process than chloroform during the film rehydration method.?!¢ In previous
work by J. Xu et al. with another polyester, poly(lactic-co-glycolic acid) (PLGA), the authors
showed that adding 10% of chloroform during nanoprecipitation (with DMSO as solvent)
enabled to improve the encapsulation rate of drugs (doxorubicin and tamoxifen) in PLGA
nanoparticles.?!” Moreover, using a bath with a temperature near to the melting point increase
molecular chain motions which ease the formation of polymersomes.?’! It would also have been
interesting to tune the proportion in L-LA moiety to obtain the best release system while still
keeping the formation of polymersomes. Moreover, Yin ef al. evidenced the biocompatibility
of a triblock polymer composed of PL-LA-b-PCL-b-PEO in different proportions, validating
the potential of combing two different polyesters in the same copolymer for in vivo

applications.?!8

I11.2.6 In vitro tests on PEO-b-P(CL-co-LA) self-assembly

111.2.6.1. Micelles
At first, the toxicity threshold of micelles was determined. The micelles at different
concentrations in polymers containing ZW800-1 and rhodamine B were tested on MKN45-

eGFP-FLuc cell line. These cells come from gastric carcinomas and were chosen for several
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reasons: (i) they express luciferase allowing bioluminescence imaging (BLI) to evidence the
rate of mortality;?!? (ii) cells exhibit the property to aggregate and form a spheroid called
“tumosphere”, which will be lost after cell mortality for example; (iii) Nguyen et al. evidenced
that the use of verapamil, a drug used in the case of heart diseases, could entail a better
internalization for this cellular line. More precisely, verapamil inhibits the drug efflux pump

systems in the cell plasma membranes, allowing an increase of intracellular internalization.??

It is noticeable that the assays were performed on fresh solutions of micelles to avoid
the burst release phenomenon that could false results. To ensure that no toxicity was due to the
micelles themselves, preliminary cell toxicity tests in the presence of encapsulated ZW800-1
and rhodamine B were perfomed. Two concentrations (0.1 and 0.4 mg/mL) with survival rate
above 80% determined by BLI (based on ISO 109993-5 assay) were used for further conditions.
(Figure AIIL4) For reasons mentioned above and to ensure, also in this case, that the toxicity is
not ascribed to verapamil, two concentrations of it were tested, and no toxicity was observed.
Doxorubicin was incubated in the presence of verapamil and no significant increase in toxicity
was observed in comparison with doxorubicin at the same concentration. In a second phase,
micelles encapsulating all together doxorubicin, ZW800-1 and rhodamine B, in the presence or
not of verapamil, were tested. An increase in concentration of verapamil did not evidence a
modification in toxicity induced by a higher internalization, supposedly due to the presence of
verapamil. Actually, no toxicity increase was observed in comparison with micelles without
verapamil. (Figure I11.23) Nevertheless, it is difficult in this case to conclude if the micelles
allow a decrease of the doxorubicin toxicity compared to free doxorubicin, because the
concentrations tested were not exactly the same (The concentrations in doxorubicin in micelles
were approximately contained between 50 and 100 uM). To conclude on these assays, Figure
I11.23 shows that the adjunction of verapamil does not bring a significative effect on the toxicity.
Moreover, these assays do not allow to conclude sharply that the presence of micelles lead to a
decrease in toxicity of doxorubicin. Despite nearly 80% of survival rate, all micelles loaded
with doxorubicin still exhibit a loss in the capacity of cells to form spheroids, which would be

related to a tumor growth inhibition in vivo. (Figure AIIL.3)
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Figure I11.23. Cellular viability of MNK45 cell incubated on different
conditions (error bar correspond to replicated experiments, n = 3).

To evidence the cell internalization of the nanostructures containing ZW800-1,
rhodamine B and doxorubicin, they were incubated with MKN45 cells and then were observed
using a confocal microscope. To ensure the internalization of the micelles within the lysosomes
(having an acidity allowing the degradation of the copolymer), these were marked by incubating
the cells with lysotracker™ green DND-26 dye, followed by a co-localization study under the
microscope. The modification of pH in lysosome renders the lysotracker positively charged,
leading to its accumulation (as it cannot cross the lysosomal membrane anymore). The
lysotracker green was incubated with the cells at 0.1 uM (from a stock solution at 1 mM in
DMSO) for 1 min before classical cell fixation with glutaraldehyde. The dyes were excited with
a green channel at 496 nm. As the excitation wavelength of doxorubicin is also 500 nm, there
is an overlap of their emission signals in confocal microscopy. The red channel at 561 nm
allows to excite thodamine B molecules, and the blue channel excites DAPI at 405 nm, staining
the cells’ nuclei. A second overlapping can occur between rhodamine B and
doxorubicin/Lysotracker™ green if the excitation spectra are compared, but in a lesser extent.

(Figure AIILS)

Confocal microscopy results show that our nanostructures were internalized by cells, as shown
by red and green channels, as compared to the halogen lamp channel (bright field). The granular
aspect of the green channel is a good indication that it corresponds mostly to the lysosomal
compartments, which are small organelles in the cells. Colocalization between red and green
channels is also strong (as seen from the yellow regions in the overlay image), but the overlap

of rhodamine B, lysotracker green and doxorubicin fluorescence signals limits the good
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identification of these molecules. It could be interesting to perform again these experiments
without doxorubicin or with another lysotracker dye to discriminate the internalization of the
lysotracker and the doxorubicin. Moreover, rhodamine B and doxorubicin red emission signals
are also superimposed (both are located around a wavelength of 600 nm), which prevents to
discriminate between doxorubicin-loaded micelles and free doxorubicin in the cytoplasm. So,
the next experiments were performed with another lysotracker, with absorption in the deep red
allowing its discrimination. Similarly, rhodamine B and doxorubicin would need to be better
separated to be sure of the origin of the recorded signal. This spectral overlap clearly limits the
interpretation of confocal microscopy results, although these first experiments already bring
qualitative insight on the internalization of the micelles through the classical endocytosis

pathway, leading to their final accumulation in lysosomes.??!

0.1 mg/mL

0.4 mg/mL

Figure II1.24. confocal analyses on MKN45 with two different micelles concentrations encapsulating
doxorubicin: 1) rhodamine B with A.. = 561 nm (red channel); 2) Doxorubicin and lysotracker green excitation
Aer =496 nm (green channel); 3) DAPI A.. = 405 nm (blue channel 3); 4) bright field channel; 5) merge of the
fourth channels.

111.2.6.2. Polymersomes

As previously determined for micelles, the toxicity of polymersomes at different
concentrations has been determined using classical MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazollium bromide) assays measuring the mitochondrial activity. In this case, two
other cellular lines were chosen, also expressing the gene of luciferase in order to use them to
induce tumors that can be measured by BLI, to see if the toxicity is not dependent on the cell
type. MCF7-Luc2 cells are breast adenocarcinoma and HT29-Luc cells are colon
adenocarcinoma. In this case the toxicity was expressed based on MTT tests, but BLI signal

was also recorded for both cells. (Figure AIIL6 ; Figure AIIL.7) MCF7 results are similar to
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MKN45 results obtained for micelles, as a survival rate above 80% has been reached with a
concentration of 0.8 and 1 mg/mL, while HT29 always exhibit survival rate above 80% no
matter the polymersomes concentration. Please note that the cellular viability upper than 100%
for HT29 comes from experimental uncertainties that show the limitation of this technique, but
this apparent absence of cytotoxicity is compatible with the BLI assay. Anyway, a clear dose
dependence is visible for MCF7 cells with both cytotoxicity assays (MTT and BLI), and to a
lesser extend for HT29 cells. (Figure I11.25)
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Figure II1.25. Impact on the cells viability for a growing concentration in polymersomes
revealed by MTT assays without loading of doxorubicin on HT29 cells (left) and on MCF7
cells (right).

Toxicity in the presence of encapsulated doxorubicin was then evaluated. For such tests,
triplicate must be performed in the same conditions. However, it was not possible to easily
control the concentration of doxorubicin encapsulated in the polymersomes. Therefore, it has
been decided to first determine the concentration of encapsulated doxorubicin. Then for each
assay, the tests using free doxorubicin have been performed using the same concentration than
the ones of the encapsulated doxorubicin instead of always using the same concentration.
Doxorubicin-loaded polymersomes induced a slight increase of toxicity in HT29 cells (at same
concentration) as compared to blank polymersomes. (Figure I11.25) In MCF7 cells, the impact
of doxorubicin is higher as a decrease of approximately 33% is observed. (Figure II1.26)
Nevertheless, Figure I11.26 also clearly evidences an increase in cellular viability when the
doxorubicin is encapsulated in vesicles. Indeed, the cells viability fell under 10% when exposed
to free doxorubicin, proving the efficiency of this drug to kill cancer cells. These results are

concordant with the recorded BLI. (Figure AIILS8 ; Figure AIIL9)
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Figure I11.26. Impact on the cells viability for a growing concentration in polymersomes revealed by MTT
assays using encapsulated doxorubicin compared with free doxorubicin in same amount than it encapsulated
on HT29 (left) and on MCF7 (right).

This MTT assay allows to highlight the impact of the encapsulation inside vesicles on
the toxicity induced by doxorubicin. Such results are encouraging to decrease the side effects

induced by doxorubicin on healthy cells by its encapsulation in polymer nanocarriers.

One possibility to explain the difference in toxicity obtained between MCF7 and HT29
could be their different internalization level of the vesicles. To explain this phenomenon,
confocal microscope imaging observations were recorded in different conditions. To mitigate
the issues observed with previous confocal analyses, the lysotracker green was replaced by a
“deep red” lysotracker to avoid a superposition of signals between the lysotracker probe and
doxorubicin. It was also decided to replace DAPI staining with Hoechst staining for nucleus.
Indeed, Hoechst staining allows staining nucleic acids without permeabilizing the cells, which
could alter polymersomes uptake. Moreover, two types of vesicles were tested: (i)
polymersomes encapsulating doxorubicin only and (ii) polymersomes encapsulating ZW800-1
and rhodamine B to avoid a possible superposition of signal between doxorubicin and
rhodamine B. (Figure AIIL5) It is important to note that the extracted signal on FITC channel
(Aex = 488 nm and Aem = 500-550 nm) is closer to green than Alexa channel (Aex = 640 nm and
Aem = 663-738 nm) explaining the color chosen. Moreover, it facilitated the interpretation and
the visibility in merge imaging. (To have a complete idea of the wavelengths, DAPI probe

channel has Aex = 405 nm and Aem = 425-475 nm.)

For HT29 cells, and both types of polymersomes, no significant signal in green is
observed (with subtraction of background). Since only slight green signal is observed at this

step, for HT29 in presence of 0.1 and 0.4 mg/mL polymersomes, we can deduce that the
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particles are weakly internalized in this type of cells, which could explain the very low toxicity

observed with MTT assays. Or more simply, HT29 cells are more robust than MCF7 cells.

The results for MCF7 cells are relatively different. Indeed, in the presence of
doxorubicin at 0.1 mg/mL, no signal in the green channel is observed, unlike the case of 0.4
mg/mL, where the green signal colocalizes with the red signal around the cell nuclei (blue
signal). This confirms the presence of the nanostructures in cells. MCF7 cells in the presence
of rhodamine-loaded polymersomes at the same concentration show the same results despite
the overlap of staining problem with lysotracker™ deep red. In this case the green signal
appears more diffuse around the nucleus. This can be explained by the time of incubation.
Indeed, 24 h of incubation can lead to the destruction of polymersomes in lysosomes leading to
the release of rhodamine B or doxorubicin into the cytoplasm. It could be interesting to perform
confocal microscopy analyses along time to evidence the evolution of the signal and the
probable disruption of polymersomes. A slight signal of rhodamine B is also present at 0.1

mg/mL, which is also present around the nucleus.

Nevertheless, the differences between the two types of cells cannot be easily explained. Indeed,
currently the mechanisms of internalization are still misunderstood for each type of cells leading
to some difficulties to explain the differences between the two cell lines. (Figure I11.27 ; Figure
I1.28). It is important to note that these results were performed on » = 1 and need to be
considered as preliminary results, needing some improvement of the staining and confirmation
by n = 2 or 3 repeats. To conclude, these analyses allow to confirm the internalization of
nanoparticles with a preferred localization of doxorubicin/rhodamine B signal around the nuclei
for MCF7 cells instead of HT29 cells. Polymersomes at a concentration of 0.4 mg/mL in MCF7
cells clearly show a colocalization with lysotracker™ deep red, confirming an endocytosis

pathway of the uptake.
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HT29 - 0.1 mg/mLL  HT29 — 0 mg/mL

HT29 — 0.4 mg/mL

MCF7 - 0.4 mg/mL MCF7-0.1 mg/mL MCF7 — 0 mg/mL

Figure III1.27. Confocal analyses on MCF7 and HT29 at different polymersome concentrations which
encapsulated doxorubicin: 1) Lysotracker A.. = 640 nm (deep-red channel); 2) doxorubicin A.. = 488 nm
(green channel); 3) Hoechst A.. = 405 nm (blue channel); 4) merge of the three channels.
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HT29 - 0.1 mg/mL.  HT29 — 0 mg/mL

HT29 — 0.4 mg/mL

MCF7 - 0.4 mg/mL MCF7 - 0.1 mg/mL MCF7 — 0 mg/mL

Figure II1.28. Confocal microscope analyses on MCF7 and HT29 at different polymersome concentrations
which encapsulated rhodamine B and ZW800-1: 1) Lysotracker deep red A.. = 670 nm (red channel); 2)
rhodamine B A.. = 488 nm (green channel); 3) Hoechst A.. = 405 nm (blue channel); 4) merge of the three
channels.
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II1.2.7. In vivo tests on PEO-b-P(CL-co-LA) self-assembly

111.2.7.1. Micelles
In vivo tests were performed on mice with implanted tumor on the leg with MKN45-

Luc cells. In vivo BLI attests of the presence of induced tumor. (Figure I11.29)

X 108

Figure II1.29. Bioluminescence image to
control the implanted tumor in the right
posterior leg.

Concentrated suspensions, constituted of ZW800-1, rhodamine B and doxorubicin
loaded micelles, were filtered at 0.22 pm for sterilization and injected by intravenous way into
mice (100 pL, in tail vein), and the micelle signal was tracked by FLI. An increase in the
intensity of the signal is observed between 2 and 7 mg/mL of micelles due to an increase of dye
concentration. After injection, the micelles are distributed in the mouse body, with a rapid
clearance by kidneys after 1 hour. A second clearance can be observed, mainly for 7 mg/mL,
by the liver (hepatobiliary route). After 3 hours in both cases, the signal almost disappeared due
to the urination except for the liver for 7 mg/mL, which shows a slower clearance. Nevertheless,
imaging also evidenced that the tumor (present in the right posterior leg) does not exhibit a

fluorescent signal. (Figure I11.30, Figure I11.31)
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Mouse in supine position

Mouse in prone position

2 mg/kg in polymers

7 mg/kg in polymers
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Figure II1.30. Distribution of micelles over time at two different polymer concentrations (2 mg/kg and 7 mg/kg
in polymers) tracked by FLIL
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Figure I11.31. Ex vivo FLI of control and injected mice organs with two different
polymer concentrations (2 mg/kg and 7 mg/kg in polymers) performed 1 day

post-injection.
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Ex vivo imaging was performed after 1 day to determine if there was a residual signal
of micelles. For the concentration of 7 mg/mL a clear residual signal is present in the liver.
Moreover, it also shows a signal in spleen and pancreas. At both concentrations, no signal was

recorded in tumor during in vivo and ex vivo experiments. (Figure I11.31)

As a reminder, micelles do not possess a hydrophilic cavity able to encapsulate both
these dyes, and the first hypothesis was that dyes were trapped in the PEO moiety of the
micelles, in the hydrophilic corona of the nanostructures. After nanoprecipitation, a purification
step on Sephadex™ column was performed to eliminate all free dye molecules. Nevertheless,
the in vivo experiments show a rapid clearance by kidneys, as observed for small dyes and
imaging probes. For nanoparticles of sizes above 60 nm, the principal expected way of
elimination is by the liver. Based on in vivo results, the nanoprecipitation was performed
without the presence of dyes. After that, dyes were added in solution to incubate micelles
already formed. After purification step, an absorbance signal was measured in UV-Vis
spectrometry. (Figure AIIL.10) The hypothesis is thus that the dyes are physisorbed on the
surface of the micelles, yet not irreversibly trapped in the PEO corona. This explains the in vivo
results where, after injection, the dyes become off the hook of the surface of micelles leading
to fast kidneys elimination due to the ultralow size of the molecules. This led to a loss of signal,
with a residual part of micelles still containing some residual traces of the dyes that can explain

the signal in the liver.

In view of these results, it was decided to stop micelles analyses and experiments. That
explains why the confocal imaging was not performed with an optimization of the used
conditions. Biological assays on micelles were performed by C. Genevois (U1312 — BRIC,
Inserm, University of Bordeaux) on platform Vivoptic (CNRS UAR 3427, INSERM US 005,

Univ. Bordeaux, France). Vivoptic is a France Life Imaging labelled platform.

111.2.7.2 Polymersomes

First tests were performed to determine the biodistribution of the polymersomes. Indeed,
it is important to evidence that the same phenomenon as for the micelles does not occur with
the polymersomes, leading to a total elimination of the nanostructures in a few hours. After
injection, the product is distributed in the mouse body with a highlight of kidneys, quickly
followed by a strong accumulation in the bladder. A very weak highlight of the liver also occurs

around one day post-injection. (Figure AIIl.11) By decreasing the maximum of the signal
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intensity scale of images, mice appeared still fluorescent 1 week to 2 weeks after the injection.

(Figure I11.32)

Interestingly, images showed an increase of the signal in the spleen area at these later
time points. This organ is well perfused with a high blood flow and possesses splenic
macrophages which, in the case of nanoparticles, also play a role in the clearance. Indeed, an
increase in size of nanoparticles leads to an increasing use of splenic macrophages. This
phenomenon is particularly true for PEGylated particles due do the formation of anti-bodies

directed against PEG and take place after the uptake by Kupfer cells in the liver.???

These observations are confirmed by ex vivo experiments showing in a first time a high

signal in kidneys followed by an increasing signal in the liver at 24 h, and finally detection of

a high signal in spleen after a few days. (Figure AIIL.12 ; Figure I11.33)

Bladder

Hulu‘Pre-Dye —1h

2 9p-3D

Figure III1.32. FLI monitoring of the biodisribution of polymersomes at a concentration of 10 uM in ZW800-1 over time (the
scale of artificial colors was readjusted between 7 and 13 days).
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Negative control

Figure I11.33. Ex vivo FLI observations of organs after different times of sacrifice.

To evidence the damages or inflammation induced by the injection of polymersomes,
blood was collected from each mouse to extract the plasma and evaluate different biomarkers
able to highlight these issues. The first two markers are GOT, glutamic oxacetic transaminase
or aspartate aminotransferase, and GPT, glutamic pyruvic transaminase or alanine
aminotransferase, enzymes which are released in reaction of damages induced to tissues or
organ tissues. Thus, these markers are not exclusive to liver failures.!”’” GOT levels in
bloodstream decreased with a significant impact after 10 min, 7 days and 13 days compared to
a p < 0.05, while GPT levels did not significantly changed. In case of damage, the observation
should be an increase. A decrease in levels would demonstrate the effectiveness of a treatment
which is not the case in this study, but the results also exhibit wide error bars and experiments
probably need a larger panel to obtain indisputable results. The third marker, LDH, lactate
deshydrogenase, follows the same type of failures than GOT and GPT which are released after
cells death. No significant modification of LDH rate is observed except at 7 days post injection
which shows, as for GOT, a more important decrease. The kidney failures were evaluated by
BUN, blood urea nitrogen, and cannot be evaluated by ureic acid due to a too weak
concentration in plasma. No significant damage from kidneys were detected due to an increase
in urea concentration induced by kidney failure. Indeed, the rate of BUN in plasma is linear.

(Figure I11.34)
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To conclude on theses analyses, it is important to keep in mind that the measurements
were performed on n = 3 which does not allow a real statistic measurement but rather allows to
highlight high differences in the markers. It has also to be noted that similar blood analyses
were also performed on micelles containing ZW800-1, rhodamine B and doxorubicin on plasma
(AST, ALT, creatinine, urea, and lactic acid) and urine (creatinine, total urinary protein, and
urea) but analyses did not evidence any inflammatory reaction. Moreover, according to the in
vivo results, they were not considered as relevant results due to the supposed separation of

micelles and dyes.
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Figure I11.34. Analyses of different factors present in plasma (GPT,
GOT, BUN and LDH) able to put in evidence inflammatory reactions
or failures in organs (* : n=2 and ** : n=1 due to insufficient volume
in plasma or aberrant values).

Interestingly, an old SKH1 mouse (6 months old) developed a spontaneous tumor in its
right flank. It was decided to inject polymersomes containing both dyes, ZW800-1 and
rhodamine B. Using spontaneous instead of induced tumors as model tends to be more
translatable to human disease.??* The desired accumulation in tumor is based on the enhanced
permeability and retention (EPR) effect. This effect is based on the principle that the tumor
exhibits an aberrant vascular system allowing a passive targeting.?** Recent work by Miller et

al. shows that despite high heterogeneity in the EPR effect among individuals, there is a high
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correlation between the labelling of tumors by contrast agents (either optical or MRI) and the

therapeutic efficacy of nanomedecines.??®

In the few minutes following the injection, as observed in the biodistribution experiments,
polymersomes accumulate in the bladder and also in the tumor. The polymersomes were
eliminated from the bladder after a few hours, but the signal in tumor was still present 7 days
post injection. (Figure I11.35) This observation was confirmed by ex vivo experiments that
showed an intense signal compared to the signal of liver, kidneys or spleen. These results
evidenced the good tumor uptake of polymersomes by EPR effect, and their ability to remain

in the tumor. (Figure I11.36) Indeed, signal in tumor remains constant until next day, and even

still increased, probably thanks to the progressive accumulation of the polymersomes coming

from the bloodstream. (Figure AIIl.13 ; Figure AIIl.14)

10 min 30 min

Tumour

0 00 60 0

Figure I11.35. FLI monitoring of the biodistribution of polymersomes at a concentration of 10 uM in ZW800-1
on a mouse developing a spontaneous tumor over time.
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Tumor sliced

Necrotic crust

Figure II1.36. Ex vivo FLI of organs and tumor of the mouse presenting a spontaneous tumor (left)
FLI of tumor and organs; (right) tumor slices showing the region of accumulation of the
polymersomes.

In view of the confocal analyses based on HT29 cells, it was considered that the biodistribution
with an induced tumor with HT29 cells is not pertinent. Nevertheless, as part of the thesis of
Gevart T., they tried to implant MCF7 cells to induce tumor, but it currently does not work.
That is why, it was not performed on the second type of cells. These in vivo assays on
polymersomes and BLI/FLI imaging were performed by Dr. L. Larbanoix at the CMMI in

Gosselies, Belgium.
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II1.3. Conclusion and perspectives

First of all, this chapter dealt with the design of copolymers, then the formation of
nanostructures based on PEOs-b-PCL diblock copolymers, which were evidenced to be solid
spheres with a size of approximately 200 nm and a broad distribution. The results led to the
development of a more original copolymer system based on a hydrophobic block composed of
a statistical copolymer of PLA and PCL, and a hydrophilic block of PEO2«. These copolymers
were fully characterized and then used to form nanostructures by two methods of self-assembly.
The nanoprecipitation evidenced the formation of micelles (more precisely a mixture of
spherical and cylindrical ones), while the thin film method gave polymersomes. These two
nanostructures were characterized by different techniques as SAXS, MALS, AF4 and finally

Cryo-TEM to obtain images confirming the previous analyses.

The next point was the introduction of dye and/or drug in these micellar or vesicular
nanostructures to obtain on one side the capacity to follow them in vitro and in vivo, and on the
other side to treat cancer, in this case by adding a drug. Polymersomes showed greater capacity
to encapsulate hydrophilic dyes and doxorubicin drug, although new analyses should be
performed with the continuous flow dissolution apparatus. Indeed, this side of experiment
should be deepened to clearly evidence the capacity of the polymersomes to respond to a pH
stimulus and deliver the drug more efficiently to the tumor. After that, it could be interesting to
tune the number of LA moieties in the copolymer chains in order to optimize the rate of
encapsulation and the release phenomenon of the resulting nanostructures. This optimization
would finally allow to obtain the best proportion leading to an optimal system able to deal with

tumor in vivo.

After that, the toxicity of polymers was evaluated, and the toxicity, when the cells are
able to internalize, respond to ISO 10993-5 with a polymer concentration of 0.1 and 0.4 mg/mL.
Finally, the nanostructures were evaluated in vivo. Micelles seem to have the dyes and drug
only adsorbed on the surface instead of being encapsulated, leading to a direct clearance of it
by desorption even at the level of the tumor. On the other hand, polymersomes showed the
capacity to remain over time in a tumor, as least for 1 week. These preliminary results are
encouraging to ultimately evidence an efficiency to treat tumor using the EPR effect with these
systems. It could be interesting to encapsulate doxorubicin into such polymersomes, and check

if it can slow down or stop the tumor growth.
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These nanostructures could also be used in photoacoustic imaging. As shown on Figure I11.37,
the nanostructures which encapsulate ZW800-1 emit a photoacoustic signal. This imaging
technique is emerging due to its capacity to obtain a signal deeper in the body because in this
case this is an acoustic wave that is detected and not photons as for optical imaging, which are
strongly absorbed or scattered by tissues at depths above a few mm. Our system can therefore
already be considered as a multimodal imaging probe, although it does not contain right now a

contrasting effect in magnetic resonance imaging, which will be the topic of the next chapter.

g Wav th-Frame per ition-Repetition Wavelength-Frame osition-Repetition
e— 770n! 28,0 mm 1 ———— 770nm /1 - 1

Figure II.37. (left) negative control with saline solution and (right)
polymersomes at a concentration of 10 uM in ZW800-1.
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II1.4 Annexes

Table AIIIL.1. Comparison of 4 different polymerizations performed in the same conditions
where the DP of each polymer was determined by '"H NMR. The quantities engaged for PEOax,
L-LA, CL and benzoic acid are approximately the same as 55 mg, 26 mg, 350 mg and 9 mg
(except for polymerization 2, 7 mg) respectively. This table evidences the disparities in

polymerization of the hydrophobic chain on the hydrophilic block.

DPrro DPra DPcL fhydrophilic (%)
Polymerization 1 45 7 35 29
Polymerization 2 45 6 34 30
Polymerization 3 45 7 54 22
Polymerization 4 45 6 25 35

® .

: <50 ;

Figure AIIL 1. Cryo-TEM of PEOu4s-b-P(CL49-co-L As) obtained by nanoprecipitation showing the presence
of micelles and rods.

Figure AIIL2. Cryo-TEM of PEOus-b-P(CL3s-co-LAs) obtained by thin film rehydration.
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Figure AIIL.4. BL imaging (left) of cells incubated in different conditions, and the
resulting detected bioluminescence signal analysis (right) (well plate was designed
with Biorender).
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Figure AIIL7. BLI on MCF7 cells in presence of polymersomes without doxorubicin (left) and the
signal intensity in the different concentrations giving the viability of cells compared to control (n =

1) (right).
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Figure AIIL.6. BLI on MCF7 cells in presence of polymersomes with doxorubicin (left) and the signal intensity
in the different concentrations giving the viability of cells compared to control and to cells in presence of free
doxorubicin at the same concentration than in the polymersomes (n = 1) (right).
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Figure AIIL.8. BLI on HT29 cells in presence of polymersomes without doxorubicin (left) and the signal
intensity in the different concentrations giving the viability of cells compared to control (n = 1) (right).
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Figure AIIL9. BLI on HT29 cells in presence of polymersomes with doxorubicin (left) and the signal
intensity in the different concentrations giving the viability of cells compared to control and to cells
in presence of free doxorubicin at the same concentration than in the polymersomes (n = 1) (right).
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Figure AIIL.10. UV-Vis spectrum of micelles
incubated overnight made in PEO-b-P(CL-co-
LA) obtained by nanoprecipitation technique in
presence of ZWS800-1 after purification by
Sephadex™ column.
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Figure AIIl.11. In vivo fluorescence as a function of time for
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I11.4. Materials and methods

I11.4.1. Synthesis and characterizations of copolymers

111.4.1.1. Materials

PEO, &CL monomer, LLA monomer and benzoic acid were bought at Sigma-Aldrich.
All chemical reagents were previously dried and placed in a glovebox. The NMR spectra (‘H)
were recorded at 298K and reported in ppm. (Bruker® AVANCEII-500 at 500 MHz, USA). The
multiplicity of the peaks is defined as s (singlet), d (doublet), t (triplet), q (quintuplet) and m
(multiplet). "H NMR recording were performed on Bruker® Avance I1-500 at 500 MHz (11.75
T) or Bruker® NEO 600 MHz (14 T) spectrometers at 25°C (USA). SEC weas performed in
Belgium on Agilent 1200 devices (Agilent Technologies, USA) in THF (containing 2 wt% of
Et;N) sample in solution (~ 5 mg/mL) are injected with a flow rate of 1 mL/min at 35°C. The
pre-column PL gel 10 mm is followed by two PL gel 10 mm mixed-B. The molecular weight
was obtained based on a calibration with polystyrene standards. The data were treated by the
provider’s software (Agilent GPC-Addon). SEC was performed in France on Ultimate 3000
system from Thermo Fischer Scientific (USA) with a diode array detector (UV-Vis). The
system is also equipped with a multiangle light scattering (MALS) and a differential refractive
index detector (dRI) from Wyatt (Wyatt Technology, USA). Solutions (~ 5 mg/mL) are injected
with a flow rate of | mL/min at 40°C with trichlorobenzene as flow marker. The system is
composed of three columns of TOSOH TSK HXL gel. The molecular weight is obtained based
on a calibration with polystyrene standards. The data were treated with Astra. DSC were
performed on DSC Q200 from TA instruments (TA Instruments, Inc, France). The analyses
were performed according to a sequence heat-cool-heat from -80°C to 200°C at a heating and

cooling rate of 10°C per minute.

111.4.1.2. Synthesis of PEO-b-PCL

CH3-PEO114-OH (288 mg) as macroinitiator, PCL (1,8 g), TBD (18 mg) and toluene
(6,45 g) were placed in a round bottom flask under inert atmosphere in a glovebox. The medium
was placed under stirring at room temperature. After 1 h, a second volume of toluene (12g) was
added to the solution. After 16 h of stirring, heptane was added to the medium to induce the
precipitation of the copolymer. The product obtained is PEOi24-b-PCL19o. '"H NMR (CDCls,
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500 MHz) & (ppm) : 1.37 (m, 380 H, -CO-CH,-CH,-CH-CH,-CHa-); 1.64 (m, 766 H, -CO-
CH,-CH,-CH,-CH»-CHa-);); 2.30 (t, J 7.53 Hz, 375 H, -CO-CH,-CH,-CH,-CH,-CH,-);); 3.37
(s, 3 H, CH3-PEO); 3.63 (s, 496 H, -PEO-); 4.05 (t, J 6.73 Hz, 380 H, -CO-CHa-CH,-CH,-CH,-
CH.-).

CH3-PEO114-OH (1 g) as macroinitiator, PCL (3.13 g), TBD (31.3 mg) and toluene (11.3
g) were placed in a round bottom flask under inert atmosphere in a glovebox. The medium was
placed under stirring at room temperature. After 1 h, a second volume of toluene (21 g) was
added to the solution. After 16 h of stirring, heptane was added to the medium to induce the
precipitation of the copolymer. The product is PEOi26-b-PCL142. '"H NMR (CDCl3, 500 MHz)
d (ppm) : 1.37 (m, 299 H, -CO-CH,-CHz-CH,-CH2-CH>-); 1.64 (m, 592 H, -CO-CH2-CH>-
CH2-CH>-CH»-);); 2.30 (t, J 7.52 Hz, 283 H, -CO-CH>-CH,-CH,-CH,-CH>-);); 3.37 (s, 3 H,
CH;3-PEO); 3.63 (s, 504 H, -PEO-); 4.05 (t, J 6.72 Hz, 285 H, -CO-CH2-CH2-CH2-CH2-CH?>-).

111.4.1.3. Synthesis of PEO-b-P(CL-co-LA):

CH3-PEQO45-OH (55mg, 0.027 mmol) as macroinitiator, LLA (26 mg, 0.18 mmol), e-CL
(350 mg, 3 mmol) and benzoic acid (9 mg, 0.07 mmol) were placed in a vial and closed with a
cap in a glovebox. The cap of the vial was sealed with Teflon and covered with aluminum paper.
The vial was placed in a graphite bath at 155°C for 24 hours under stirring. The vial came back
to room temperature, the product was dissolved in THF and added drop by drop to glacial
heptane. The precipitate was centrifuged at ~ 15 °C. The solvent was eliminated. This step was
repeated 2 times. The copolymer was dried under vacuum. Cold water was added, and the
suspension was vortexed. The resulting solution was centrifuged at ~ 10 °C. This step was
repeated 2 times. The copolymer was finally lyophilized, and a white powder was obtained.
"H NMR (CDCls, 500 MHz) & (ppm) : 5.12 (m, -CH- PLA moiety); 4.13 and 4.05 (m and t, -
CH,- PCL moiety); 3.64 (s, -CH>- PEO moiety); 3.55 (m, OH-CH>-P(CL-co-LA)); 3.37 (s,
CH3-PEO), 2.30 (t, -CH>- PCL moiety); 1.65, 1.53 and 1.38 (m, P(CL-co-LA) statistical
arrangement between PLA and PCL)
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I11.4.2. Self-assembly of micelles and polymersomes

111.4.2.1. Nanoprecipitation
The copolymer (~ 20 mg) was dissolved in THF to obtain a solution at 20 mg/mL. The
solution (1 mL) was placed under stirring in a vial at 21°C and PBS was added (10 mL). The

vial was let opened and stirred overnight.

111.4.2.2. Thin film

The copolymer (~ 20 mg) was dissolved in chloroform (3-4 mL) in a round bottom flask.
The flask was placed on the rotavapor under vacuum with a bath at ~ 70°C. All the chloroform
was eliminated followed by the addition of PBS (at the same temperature). The solution was
stirred vigorously in the hot bath for approximately 2 hours. The bath and round bottom flask

were covered with aluminum.

111.4.2.3. Encapsulation of drug/dyes

In presence of drug/dye, dyes and/or drug were dissolved in PBS at a concentration of
5 mM and added to the copolymer solution. The resulting solution after nanoprecipitation or
thin film method was concentrated by ultrafiltration (30 kDa membrane in regenerated
cellulose, & 25 mm, Ultracel®, Merck, Germany) until the obtention of 1-2 mL of solution. The
solution was purified on Sephadex™ G-100 columns (Cytiva, Germany) and fractions of ~ 1-

1.5 mL were collected.

Sephadex™ G-100 columns (Cytiva, Germany) were prepared by inflating the beads in
Milli-Q water (approximately 3g / 200 mL of water) during 3 days at room temperature with
much care (i.e. not at too fast stirring speed that can break them). The medium was degassed
under vacuum during 15-30 min. The extra water was removed and the gel was flowed in
column (~ 25 cm, & 1 cm). The gel was finally washed with PBS. The concentration of
encapsulated drug and/or dyes was determined after addition of 10% of Triton™ X-100 in the
medium followed by the extraction of the concentration based on the calibration curve of each
species in the presence of 10% of Triton™ X-100 recorded on spectrofluorimeters FP-8500
(Jasco, France) in France or LS-55 equipped with a R928 photomultiplicator (Perkin Elmer,

USA) in Belgium. Parameters on fluorimeter used in France are: doxorubicin (excitation and
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emission slits: 5 nm; Aex = 480 nm), rhodamine B (excitation and emission slits: 2.5 nm; Adex =
555 nm) and ZW800-1 (excitation and emission slits: 5 nm; Aex = 769 nm) with a scan speed
set to 100 nm/min for all fluorophores. Parameters on fluorimeter used in Belgium are:
doxorubicin (excitation and emission slits: 10 nm; Adex = 550 nm), rhodamine B (excitation and
emission slits: 2.5 nm; Adex = 553 nm) and ZW800-1 (excitation and emission slits: 7.5 nm; Aex =

766 nm) with a scan speed set to 100 nm/min for all fluorophores.

111.4.2.3. Physico-chemical characterization

Dynamic light scattering (DLS)

DLS 90° measurements were performed on a Zetasizer nanoZS (Malvern, United
Kingdom) instrument with a laser He-Ne at 633 nm. Typically, 50 puL of the nanoparticles
suspension of is diluted in 950 pL of PBS in a quartz cell of 1 cm on 1 cm (PCS1115). The
refractive index of the copolymer is based on the PEO refractive index with a value of 1.46.
The medium used to perform the measurement is water with a refractive index of 1.3314 and a

viscosity of 0.8872 cp. Measurements are performed at 25°C with three averaged repetitions.

Cryo-transmission electronic microscopy (Cryo-TEM)

Cryo-TEM in France was performed at the Institut de Minéralogie, Physique des
Matériaux et de Cosmochimie in Paris on a LaB6 JEOL 2100 (JEOL Ltd, Japan) working at
200 kV with the acknowledged help of Jean-Michel Guinier. The grids were prepared by
placing a drop of sample on holey carbon grids (Quantifoil Micro Tools Gmbh, Germany). The
grids were then dried by capillarity with a filter paper. They were placed rapidly into liquid
ethane and placed on a Gatan 626 cryo-holder. They were then placed in the microscope. The
grids were observed at -180°C under low dose conditions (JEOL minimum dose system).
Images were taken with an Ultrascan 2k CDD camera (Gatan Inc, USA). Images were treated

with Fiji (Imagel).

In Belgium, images were recorded at the CMMI (ULB) on Talos F200C 200 kEV (FEI,
Thermo Fisher, USA) with the acknowledged help of Dr Gaétan Dias Mirandela. Preparation
of negative staining was performed on Cu® 200 mesh grids treated under plasma during 25

seconds in a vacuum chamber of 2.0 10! with a current of 1.5 mA. 3 pL of sample were applied
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on carbon faces and incubated during 1 min. The grids were then dried by capillarity with a
Whatmann n°1 paper. A succession of two washing/ drying cycles were done. Preparation of
Cryo-TEM grids was performed on Lacey Carbon or Quantifoil Cu® 300 mesh 2/2 treated under
plasma during 35 seconds in a vacuum chamber of 2.0 10! with a current of 1.5 mA. 3 pL of
sample was applied on carbon dived in liquid ethane before cooling by liquid nitrogen with
Vitrobot IV (FEI, Thermo Fisher, USA). Diving parameters were: blot force = 2, blot time =
3s, waiting time = Os, temperature = 10°C and humidity 100%. The acquisition was performed
on Talos F200C 200 kEV (FEI, Thermo Fisher, USA) with Cryo-holder Gatan 626 Single Tilt
(Gatan Inc., USA) to insert the grid. Images were recorded with magnification of 73000x and
Céta (FEI, Thermo Fisher, USA) camera for negative staining grids or Falcon II (FEI, Thermo
Fisher, USA) for Cryo-EM grids. A Beam of 55 electrons/pixels/second was applied during 1
second with an acquisition of 20 frames/second. Images were taken with a defocus between 2
to 20 um for Cryo-EM. The resolution of imaging is 1.4 A/pixel. The images were treated on

Fiji (ImageJ).

Multi angle light scattering (MALS)

MALS were performed on ALV-5000 (ALV, Germany) goniometer with He-Ne laser
at 633 nm and ALV-5000/EPP multiple tau digital correlator with initial sampling time of 125
ns with the acknowledged help of Paul Marque. The suspension of nanoparticles is diluted
between 2 to 5 times and placed in a cylindrical quartz tube of 10 mm. The tube is placed in a
bath of toluene at 25°C. Measurements were performed at different angles between 30° and 15°
by step of 5° for SLS and step of 10° for DLS. Results were normalized with the signal of
toluene and PBS to obtain the R, in DLS (Stokes-Einstein) and the Rg in SLS (Guinier’s law).

The data were treated with ALV software.

Asymmetric flow field-flow fractionation (AF4)

The system used with the acknowledged help of Amélie Vax-Weber is composed of a
Wyatt Eclipse AF4 channel (Wyatt technology, USA), an isocratic pump (Agilent 1100)
(Agilent Technologies, USA), an auto-sampler (Agilent 1200), a Wyatt Dawn Helios-II 18
scattering angle MALS detector, a DLS detector and an Optilab differential RI detector
(Optilab, USA). The data were treated and fitted on the Astra 8 software.
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Small angle X-rays scattering (SAXS)

The SAXS measurements of our samples were made on the Xeuss 2.0 SAXS
spectrometer (Xenocs, France) coupled with FOX3D (Xenocs, France), single reflection optical
mirror, available at the Transform platform (https://transform.cnrs.fr/) on the campus of Univ
Bordeaux, with the acknowledged help of Ahmed Bentaleb. The X-ray source is a standard
copper cathode, therefore A=1.54189 A, the detector is a highly sensitive CCD camera (Pilatus,
Swiss Light Source) centered on Kq ray (A= 1.54 A) of copper. The samples were put in
Lindeman glass capillaries (transparent to X-rays) with diameter < 0.5 mm at the tip (WIM
Glas, Glastechnik und Konstruktion, http://www.wjm-glas.de/), which are sealed with a flame.
The system delivered a collimated beam of 8KeV under vacuum defined by two motorized anti-
diffusing slots. Samples were exposed two times for 3 hours and the data are collected in
absolute intensity. Using a sample-detector distance of 2.5 m, the scattering vector g-range
spans from gmin=4.5%10 A" t0 gmax=0.4 A" (WAXS domain). The largest R, values that can
be theoretically measured are thus of gmin™! =222 A (22 nm), but in practice we can manage to
determine the onset of the Guinier “plateau” of objects for R values up to 40-50 nm (although
with more uncertainty). The curves of scattered intensity as a function of ¢ were obtained by

treating data with Foxtrot software (Collaboration between Xenocs and Soleil synchrotron).

Flow-through dissolution systems

Flow-through dissolution systems were recording on USP-4 Sotax™ CE7 USP
apparatus 4 equipped with 22.6 mm diameter cells (Sotax Corporation, Germany) online
with CE 7smart and UV-Vis measurement (the USP-4 having 7 measuring cells). Sample was
placed in float-a-lyzer™ dialysis tubing of 100 kDa molar mass cut-off and in two different
cells containing medium at pH 5.5 or 7.4. The whole device was thermostated at 37°C. The
flow rate through the cells took place at 25 mL/min with an UV-Vis absorbance (wavelength
depending on dye or drug at their maximum absorbance) every 5 min during 30 min following

by measurement every 10 min during 1 hour and finally every 30 min for 16 more hours.
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I11.4.4. Synthesis and characterization of ZW800-1

111.4.4.1. Materials

The chemicals and solvents were purchased from different compagnies: ChemLab,
Sigma Aldrich, Roth, TCI, VWR, Merck and Fluka. The chemicals and solvents (excepted
DCM) were used without further purification. The DCM was distillated under vacuum. The
NMR spectra ('H) were recorded at 298K and reported in ppm. (Bruker® AVANCEII-500 at
500 MHz, USA). The multiplicity of the peaks is defined as s (singlet), d (doublet), t (triplet),
q (quintuplet), m (multiplet) and -Phe (phenyl). The molecular extinction coefficient (&) was
determined by UV-Vis (Lamba 35, Perkin Elmer, USA) as the origin of equation of the straight
section. The straight section was obtained by slope of the curve absorbance versus

concentration, with dilution between 10 and 0.6 uM with a R? that tends to 0.99.

111.4.4.1 Synthesis of ZW800-1

Compounds 1, 2, 4, 6 and 7 were synthesized according to the protocol of Hyun ef al..*!?

Compounds 3 and 5 were synthesized according to a modified protocol of Yang et al..?!3

2,3,3-Trimethyl-1-[3-(trimethylammonio)propyl]-3H-indolium-5-sulfonic acid
dibromide compound 3: Potassium 2,3,3-trimethyl-3H-indole-5-sulfonate (5.50 g,19.8 mmol,
1 eq) and 3-bromopropyl)trimethylammonium bromide (5.95 g, 22.8 mmol, 1.15 eq) were
suspended in toluene. The medium was placed at 110 = 5°C under Ar atmosphere for one night.
Once the medium is at room temperature, MeOH (26.4 mL) was added directly and stirred for
30 min. The precipitate was filtered on Biichner. The resulting solid was dissolved in a solution
of water: methanol (2:1) (26 mL: 13 mL /v:v). The solution was added gently drop by drop to
acetonitrile (390 mL). The resulting precipitate was filtered on Biichner and dried under
vacuum. Compound 3 (6.08 g, 11.3 mmol) was obtained with a yield of 57 % as dark pink
powder. 'H NMR (DMSO, 600 MHz) & (ppm) : 1,56 (s, 6H, -C-(CH3)2) ; 2,33 (Broad m, 2H, -
CH2-CH»-CH2-N"Br- (Me)3); 2.90 (s, 2H, -CH»-CH»-CH>-N*Br- (Me)3); 3,11 (broad s, 9H, -
N*-(CHa)3); 3,58 (broad t, 3H, -N"=C-CH3) ; 4.49 (broad t, 2H, -CH»-CH»-CH»-N"Br - (Me)3) ;
7.76 (d, J 8.17 Hz, -Phe-CH ); 7.99 (d, J 8.39Hz, 1H, -Phe-CH) ; 8.04 (s, 2H, -Phe-CH).
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N-(((3E)-3-(anilinomethylene)-2-chlorocyclohex-1-en-1-yl)methylene)benzen-
aminium chloride compound 5: Phosphorous oxychloride (21 mL, 230 mmol, eq) was added
drop by drop to DMF (25 mL) under stirring at 0°C. A solution of cyclohexanone (5.2 mL, 50
mmol) and DCM (10mL) was added also drop by drop to the previous medium under Ar
atmosphere. The medium was stirred for 1 hour. After that, the solution was placed at 100 +
5°C during 2 hours. The medium came back to room temperature and was placed in an ice bath.
When the temperature decreases to 0°C, it was added drop to drop to glacial water (500 mL).
The resulting solution was stirred for 4 hours. The precipitate was filtered on Biichner and dried
under vacuum. The precipitate was dissolved in DMF (15 mL) and HCI 6M (10.5 mL) and
placed in an ice bath. A solution of aniline (8 mL, 87.76 mmol) and ethanol (16 mL) was added
drop by drop to the previous solution. After removing the ice bath, the medium was let under
stirring for 1 hour. The product was precipitated in glacial water (500 mL) and stirred for 30
min. The precipitate was filtered on Biichner. Compound 5 (15 g, 44.5 mmol) was obtained as
dark brown powder with a yield of 89%.'H NMR (DMSO, 500 MHz) & (ppm) : 1.86 (broad q,
2H, -C-CH-CH?>-); 2.75 (broad t, 4H, -C-CH>-CHz-); 7.28 (t, J 7.38 Hz, 2H, -C-CH-CH-CH-
(-Phe)); 7.47 (t, J 7.94 Hz, 4H, -C-CH-CH- (-Phe)); 7.60 (d, J 7.92 Hz, 4H, -C-CH- (-Phe));
8.55 (s, 2H, -C-CH-N"-).

I11.4.5. Biological Methods and materials

1I1.4.5.1. Materials
All consumables for cell culture were bought from Thermofisher Scientific, Ibidi, VWR,

Sigma and Novolab.

111.4.5.2. In vitro experiments on micelles

Cellular cultures
The MKN45 cells were harvested in RPMI medium supplemented by 10% fetal bovine
serum (FBS) and 0.1% vancomycin (antibiotics) on a 24-well plate (50k cells in 500 uM

medium).
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Cellular viability

Cellular viability assays were performed on 24-well plates with 50 000 cells per well
with 500 pL of medium in triplicate. After 24 h, medium in wells are replaced with fresh
medium containing polymersomes or doxorubicin and incubated during 24 h. In the well
containing verapamil drug, the verapamil was added 10 minutes before the treatment. Medium
is removed and wells were washed with PBS. PBS was added and cells were incubated with
6.10* M of luciferin for 5 minutes. BLI were recorded on Lumina III (Perkin Elmer, USA)

(acquisition 20 s, binning 4x4, pictures black and white 100 ms).

Tumor sphere

For the tumorosphere formation test, cells were detached just after the BLI measurement
and 100 cells were spiked into 100 uL of M11 medium (DMEM-F12-Glutamax enriched with
20 ng/mL of human epithelial growth factor, 20 ng/mL basic fibroblast growth factor, 5 pug/mL
insulin, 0.3% glucose, 1:100 N2-supplement) in 96-well plates coated with polyHEMA
repulsive polymer brush to avoid cell adhesion on the substrate. The tumorospheres were then

counted after 5 days.

Confocal images

Confocal images were recorded on TCS SP5 Leica apparatus with an objective HCX
PL APO 63X NA 1.4 immersed with oil. The images were recorded: Lysotracker green, Aex =
504 nm and Aem = 511 nm (Thermo Fisher, scientific USA), doxorubicin, Aex =496 nm and Aem
= around 600 nm (green chanel); rhodamine B, Aex = 561 nm and Aem = around 600 nm (channel

red); DAPI, Aex =405 nm and Aem = 425-475 nm (channel blue).

111.4.5.3. In vitro experiments on polymersomes

Cellular culture

MCEF7-luc2 were cultivated with RPMI 1640 modified medium (RPMI 1640 modified:
RPMI supplemented with 10% of bovine fetal serum, 0.01 mg/mL insulin and 4 pg/mL filtered
blasticidine). HT29-Luc were cultivated with DMEM (DMEM supplemented with 10% bovine

fetal serum and 1% penicillin-streptomycin). For both cell lines, the cells were maintained at
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37°C with 5% of CO; and passages have been performed at 80% of confluence. During
passages, cells were washed with PBS after removing medium and trypsin-EDTA 0.25% was
added to cleave membrane adhesion proteins. The trypsin was neutralized by adding medium
(9 mL for 3 mL of trypsine-EDTA) and the suspension was centrifuged for 5 min at 300g. The

cell pellet was dispersed in medium and replaced in flask.

MTT viability assays

MTT viability assays were performed on 96-well plates with 5000 cells per well. The
plate was placed during 24 h at 37°C with 5% in CO». After 24 h, medium in wells was replaced
by medium containing polymersomes or free doxorubicin in triplicate and plates were placed
to incubate for 24 h at 37°C with 5% in CO». Then, wells were emptied and rinsed two times
with PBS. 100 uL of MTT (solution of 5 mg/mL in PBS in 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium) was placed in each well. After 3 h of incubation, MTT solution was
replaced by 100 pL of DMSO. The plate was agitated for 30 min protected from light. Finally,
absorbance at 570 nm was recorded for each well on SpectraMax ABS Plus or SpectraMax M2

microplate reader (Molecular Device, USA).

BL imaging

BLI was performed on 96-well plates with 5000 cells per well. The plate was placed
during 24 h at 37°C with 5% in CO,. After 24 h, medium in well was replaced by medium
containing polymersomes or free doxorubicin (at the same concentration that doxorubicin
encapsulated in vesicles) in triplicate and the plates were placed to incubate for 24 h at 37°C
with 5% in CO». Then, wells were emptied and rinsed two times with PBS. PBS was added in
wells. Finally, the PBS was removed from each well and luciferin (100 uL at 0.2 g/L. in PBS)
was added. Images were acquired with a PhotonlMAGER Optima (Biospace Lab, France). The
bioluminescence signal intensity was measured after drawing ROIs in the area surrounding the
analyzed wells using M3 Vision software (Biospace Lab, France). It was exported and expressed

as photons per second per square centimeter per steradian (ph/s/cm2/ sr).
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Confocal microscopy images

Confocal microscopy images were recorded on Nikon Eclips A1R/Ti2E (Nikon, Japan).
Cells were placed during 24H in Ibidi p-Slide 8 well (Ibidi, Germany) and were incubated 24
h with polymersomes. Medium was removed and wells were incubated with 5 pL of
Lysotracker deep red (Thermo Fisher scientific, USA) and 1pL of Hoechst (Thermo Fisher
scientific, USA) for 2 mL of PBS during 30 min. Wells were then rinsed two times with PBS
and PBS was placed in each well. The images were recorded: Lysotracker Aex = 640 nm (deep
red channel); doxorubicin, Aex = 488 nm and Aem = around 600 nm (green channel); Hoechst ,
Aex =405 nm and Aem =461 nm (channel blue) and rhodamine B, Acx =488 nm and Aem = around
600 nm (channel green). Images were treated on Fiji (ImageJ) with a subtraction of background
on green channel homogeneously on all pictures on Figure I11.27 and an increase of red signal

homogeneously on all pictures on Figure I11.28.

Performed work with the acknowledged help of Thomas Gevart and Valentin Lecomte.

111.4.5.4. In vivo experiments on micelles

Mouse strains and housing conditions
The experiments were performed on males immunodeficient NSG (NOD/SCID/IL-
2Rynull). All experiments were performed according to the ethical protocol number 11443. At

the end of experiments, mice were sacrificed by cervical dislocation.

In vivo tumor and bioluminescence imaging

The tumors were induced by implantation of 100 000 cells of MKN45 per 100 pL of
Matrigel™. The cells were grafted on the right leg of mice. The growing of the tumor was
followed by bioluminescent imaging on Lumina III (Perkin Elmer, USA). Before BLI, mice
were shaved, and 3 mg of luciferin were injected in intraperitoneally. The mice were
anesthetized with isoflurane 5 min before the injection and images were recorded 10 min after
injection. 13 days after injection, tumor raised 4.5 to 6.5 mm in diameter which is the size used

for in vivo fluorescence imaging of micelle solutions.
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In vivo fluorescence imaging

Mice were anaesthetized using isoflurane. Mice were then placed on a preparation pad.
A volume of 100 pl of the micellar solution (at 2 mg/kg or 7 mg/kg in polymers) was injected
intravenously. Images were acquired with a Lumina III (Perkin Elmer, USA) (acquisition s,
binning 4x4 and pictures black and white 100 ms). The bandpass filters were set, centered on
780 and 845 nm for excitation and emission respectively. Images were acquired before and 1,
60 min 3 h and 24 h, after injection of micelles. At day 1, mice were sacrificed. The fluorescent
signal intensity was measured after drawing ROIs, with Living Image, on the mouse in the area

surrounding the analyzed organs and tumor. It was exported and expressed as photons per

. : 2
second per square centimeter per steradian (ph/s/cm / sr).

Performed with the acknowledged help of Coralie Genevois

111.4.5.5. In vivo experiments on polymersomes

Mouse strains and housing conditions

Female 6-week-old hairless SKH1 mice (for FLI) were purchased from Charles River
(Ecully, France) and kept under individually ventilated cage (IVC) housing conditions (12 h /
12 h night and day cycles, 22 £+ 2°C, 55 + 10% relative humidity) and were given dry food and
water ad libitum. All experiments were performed in accordance with EU Directive
2010/63/EU for animal experiments and were approved by the CEBEA (Comité d’Ethique et
du Bien-Etre Animal) of the CMMI under approval number CMMI-2021-01. At the end of

experiments, mice were sacrificed by cervical dislocation.

In vivo fluorescence imaging

Hairless female SKH1 mice were anaesthetized using isoflurane (4% for induction and
then 2% for mouse imaging) vaporized in 100% oxygen at 0.3 L min'!; N =3 for each group.
Mice were then placed on a preparation pad, and a catheter (home-made with 30 G needle) was
placed in the tail vein and fixed using tissue glue. A volume of 100 pl of the polymersomes
solution (prepared at 10 uM of ZW800) was injected intravenously. Images were acquired with
a PhotonIMAGER Optima (Biospace Lab, France) equipped with a 4-views module, which

allows the simultaneous acquisition of the back, the belly and both flanks, and a homogenous
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excitation from 3 angles around the mouse body. 25 nm bandpass filters were set, centered on
737 and 797 nm for excitation and emission respectively. Images were acquired before and 1,
2,5,10, 15,20, 30,45, 60 min and 2 h, 24 h, and 7 and 14 days after injection of polymersomes.
At day 14, blood samples were harvested, and mice were sacrificed. The fluorescent signal
intensity was measured after drawing ROIs on the mouse in the area surrounding the analyzed

organs (liver, right kidney, bladder and neck) using M3Vision software (Biospace Lab). It was

. . 2
exported and expressed as photons per second per square centimeter per steradian (ph/s/cm /

ST).

Ex vivo fluorescence imaging

Main organs (heart, lungs, spleen, liver, kidneys, adrenal glands and leg’s muscle) of
mice were studied by in vivo FLI and were harvested just after mice sacrifice at day 14. Four
other groups of mice (N = 3) were injected, as for in vivo FLI, but mice were sacrificed at
different timepoints (10 min, 2h, 24h and 7 days), and organs were collected. Finally, organs
from non-injected mice (N = 3) were also collected as background reference. Organs were
rinsed in PBS, and they were directly scanned in the Photonlmager Optima in 2D mode
(Biospace Lab, France) (all organs of a mouse together in 1 acquisition). The fluorescent signal
intensity of organs was measured after drawing ROIs around each of them using M3 Vision
software (Biospace Lab, France). It was exported and expressed as photons per second per

square centimeter per steradian (ph/s/cm2/ sr).

Mice sacrifice and plasma collection

Retro-orbital blood collection was performed under deep isoflurane anesthesia. Mice
were then sacrificed immediately by cervical dislocation. Blood samples were centrifuged for
10 min at 10.000 rpm to separate the plasma from the cellular fraction. At least 250 ml of plasma
had to be obtained for dosage of several toxicity markers using Spotchem EZ Sp-4430 (Arkay,
Japan) colorimeter. ‘‘Panel-1’" and ‘‘Panel-2’ strip sets (Arkay, Japan) were used and one
relevant marker of each was considered to identify possible liver (with glutamate oxaloacetate
transaminase (GOT), glutamate pyruvate transaminase (GPT) and lactate dehydrogenase
(LDH)) and kidney (with blood urea nitrogen (BUN)) damage, as a preliminary (n = 3)
assessment.

Performed with the acknowledged help of Dr Lionel Larbanoix.
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Chapter 1V

Chapter IV: Grafting of manganese complexes onto polymeric nanocarriers

IV.1 Introduction

As discussed in chapter II, MRI is a powerful imaging technique due to its high spatial
resolution, but it suffers from a poor sensitivity. This can be palliated by using contrast agents
as Dotarem®, a FDA approved gadolinium complex commonly used in the clinic. Even though
their capacity to enlighten areas of accumulation is appealing, paramagnetic molecules still
suffer from major hurdles, particularly their low relaxivity, requiring high amounts of
complexes to obtain a significant signal. For instance, Dotarem® is injected at 0.1 mmol/kg
dose, and exhibits fast elimination, leading to a narrow imaging window.!'7230 Alternatives
based on nanoparticles and in our specific case, polymersome-based systems, have therefore

emerged to modify the relaxivity and increase the blood circulation time.

One possibility consists in encapsulating complexes inside the hydrophilic core of the
polymersomes or in the bilayered membrane. Griill ef al.?*' showed that non-amphiphilic Gd-
complexes exhibit a low relaxivity (below 1.5 mM!-s! at 20 MHz and 25°C) when they are
encapsulated in the aqueous core of polymersomes composed of 1,4-polybutadiene-b-
poly(ethylene oxide), 1,4-PB-b-PEO, copolymer. This low relaxivity can be explained by the
limitation of the water diffusion across the membrane. On the other hand, using complexes with
an amphiphilic moiety, encapsulated in the membrane of polymersomes composed of 1,2-PB-
b-PEO copolymer, led to a higher relaxivity of 22 mM-!-s'! at 20 MHz and 25°C, indicating a
restricted tumbling motion of the Gd**-complex.?*! Another strategy developed by Cheng et
al.** lays on a system composed of different ratios in PCL-b-PEO and PB-b-PEO encapsulating
Gd-DTPA-PAMAM, a macromolecular Gd-complex. Mixing PB blocks with PCL in different
proportions allows to obtain a porous system due to the acidic hydrolysis of the ester function
present in the PCL moiety. As a proof of concept, carboxyfluorescein was encapsulated and
they evidenced that a ratio of PCL-b-PEO/PB-b-PEO 25/75 allowed a release upper than 90%
within 4 days, whereas a 0/100 ratio only exhibited a release smaller than 5%. This porous

system containing Gd-DTPA-PAMAM then allowed to obtain a relaxivity of 7.5 mM!-s! at
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40°C and 60 MHz compared to a relaxivity of 3.4 mM!-s! and 1.7 mM!-s"! for Gd-DTPA-
PAMAM and Gd-DTPA complexes respectively, encapsulated in non-porous vesicles. Herein,
the modification of the relaxivity comes from the higher capacity of water molecules to diffuse
through the bilayer of the polymersomes, thanks to the pore formation in their bilayer.?3?
Nevertheless, this type of technique still requires high amount of complexes. For instance, Griill

1231

et a encapsulated 200 mM of Gd-complexes in the aqueous core of the polymersomes, or

10 mol% of the amphiphilic complexes inside the membrane.

While encapsulating the complexes both in the hydrophilic core and in the membrane
or using porous vesicles to enhance the relaxivity of the system, it is still necessary to improve
it to limit the required amount of complexes. Therefore, the strategy followed in this work
consists in modifying one of the principal parameters influencing the efficacy of paramagnetic
complexes: the rotational correlation time, zr, as described before, by grafting Mn-complexes
on bigger entities around 100 nm in size such as the polymersomes described in Chapter I1I.
Moreover, using nanosized systems allows to increase the half time blood circulation compared
to small macromolecules that show a very fast kidneys clearance (ca. 30 min), allowing a larger

window to perform imaging.?*

To covalently graft Mn-complexes on the surface of polymersomes, different strategies
can be envisaged. The most used is the peptidic coupling reaction between carboxylic acid and
amine functions in the presence of a coupling agent. In aqueous media, the coupling agent is 1-
ethyl-3-carbodiimide hydrochloride (EDC-HCIl) in Sorensen buffer (pH 5.8; 25°C). The
Sorensen buffer allows to keep the medium at a constant pH after adding the coupling agent to
ensure deprotonated functions that will have a better reactivity. Garifo et al. grafted NIR-dye
(ZW800-2) on the surface of silica nanoparticles using this technique. The rate of grafting was
determined by UV-Vis and was of 15%.23 Nevertheless, in the presence of a targeting
nanosystem, where a vector such as a peptide has to be grafted onto the polymersomes, some
amino acids bearing amine or carboxylate groups will lead to undesired side reactions. To avoid
it, it is possible to use a protected peptide, but this will add some synthetic steps. Moreover, the
polymers used in this framework are based on polyesters able to undergo acidic hydrolysis.
Thus, the Sorensen buffer cannot be used to perform the coupling reaction, and a large decrease
of pH could even lead to a destruction of the polymersomes. Additionally, the use of a buffer
or ions to regulate the pH could lead to an osmolarity imbalance between the interior and outside
medium of the polymersomes, causing modification of their shape, like studied by Salvat et al.

on PB-5-PEO polymersomes.?** Another strategy needs to be found, among the more recent
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and more specific techniques belonging to the toolbox of “click chemistry”. This chemistry
awarded with the 2022 Nobel prize is highly selective, fast, regiospecific and uses mild
conditions. It can also be used in a lot of different fields and topics and has moreover a tolerance
to different functional groups, and lead to stable products. The first click chemistry reaction
was based on a copper catalyzed system between azide and alkyne functions (CuAAC), giving
a 5-membered ring.?3>23¢ Nazemi et al.>*’ designed polymersomes made with PEO-5-PCL and
bearing azide or methoxy functions as end-groups in order to click Gd**complexes on the
surface. They synthesized and compared the 'H NMRD profiles of dendron-Gd-DTPA, Gd-
DTPA-polymersomes, and dendron-Gd-DTPA-polymersomes using Gd-DTPA complex as a
reference, which exhibits a relaxivity of 4.6 mM!-s™! at 20 MHz and 298 K. In this study, click
chemistry was used in order to graft on the surface the Gd-DTPA and dendron-Gd-DTPA
complexes which were functionalized with an alkyne group able to react with the azide groups
present on the surface of the polymersomes. Interestingly, dendron-Gd-DTPA, Gd-DTPA-
polymersomes and dendron-Gd-DTPA-polymersomes respectively exhibit relaxivity values of
12.1+0.3,10.6 £ 0.4 and 26.1 + 1.2 mM!-s"! at 20 MHz and 25°C, highlighting the interest of
bigger structures than small complexes. Indeed, the drastic increase in relaxivity for dendrons
grafted on polymersomes is probably due to the inhibition of the free rotation of Gd-complexes
compared to Gd-DTPA grafted on polymersomes, which keep some rotation flexibility.?37-238
If results are compared with Cheng et al, who obtained a relaxivity of 7.5 mM!-s! at 40°C and
60 MHz for their Gd-DTPA-PAMAM encapsulated in polymersomes made with a mix of PB-
b-PEO and PCL-b-PEO, the relaxivity of the dendron-Gd-DTPA-polymersomes is higher.?*
Nevertheless, click chemistry using azide-alkyne system needs the presence of Cu® as catalyst
(usually obtained by in situ reduction of Cu?"), which can lead to two different problems in the
case of our particular study:**> (i) free copper ions lead to certain toxicity in different
organisms®*® and (ii) Garda et al.! calculated the stability constant at 25°C by pH-potentiometric
titrations for their 3,9-PC2A, which is the same molecule as the ligand 1 presented in chapter
I1, and obtained a log KmnL of 17.1 in a 0.15 M NaCl solution and a log Kcur 0f 23.6 ina 1 M
NaCl solution. These results show that transmetallation would occur between Mn?" and Cu?*
and that the Cu-complexes will be more favored than the Mn-complexes due to their higher
stability.! Moreover, copper click-chemistry brings some limitations for in vivo applications
due to the presence of metal ions giving bio-orthogonal reaction toxicity and issues. Indeed,
this type of reaction can also take place in living systems where copper can be toxic. As
alternatives, strain-promoted azide-alkyne cycloaddition (SPAAC) or inverse electron-demand

Diels-Alder GEDDA) were developed.?*® SPAAC reaction used, most of the time, cyclooctyne
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moieties as strained cycles. Among cyclooctynes, dibenzocyclooctyne (DBCO) and
bicyclo(6.1.0)nonyne (BCN) are extensively used. Nevertheless, compared to CuAAC, the
reaction rate is slower and cyclooctynes are less stable than alkynes. Firstly described by C.
Bertozzi et al., the macrocyclic DBCO derivative allows highly specific reactions and does not
need copper, owing to the destabilization of the alkyne induced by the cycle stress, and the

presence of the electron withdrawing group.?36-24!
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Chapter IV

1V.2 Results and discussion

IV.2.1 Click chemistry on N3-PEO-b-P(CL-co-LA)

To develop click chemistry on the surface of polymersomes, it is necessary to
functionalize manganese complexes with either one of both functions and the polymers with
the other one. Due to the costly prize of the DBCO moiety, it was decided to couple the DBCO
on the pyclen derivatives and to functionalize the copolymers with azide function (N3-PEO-b-
P(CL-co-LA)). For the reverse case indeed, during the formation of polymersomes, DBCO
would be partially incorporated inside the nanostructure, pointing to the aqueous vesicle core,

which would represent a significant loss for the surface functionalization.

1V.2.1.1 Synthesis of DBCO-Mn-complexes
The first developed strategy consists in a coupling reaction between the pyclen
derivative L.COO (see chapter II) and the amino-DBCO, followed by the deprotection of -tBu

groups in order to finally complex the macrocycle with manganese ions. (Scheme IV.1)
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Scheme I'V.1. First strategy for the synthesis of DBCO-Mn-complexes. Expected reactions: (a) HBTU,
DIPEA, CH:CL atr.t. (b) TFA/CH2Cl at r.t. (¢) MnCl2-4H20, H2O, pH = 5-6, 40°C, Ar atm, overnight.
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Herein, a 3-step synthesis method is performed to develop a clickable amino-DBCO
attached on a pyclen moiety. Firstly, the pyclen derivative is coupled with the amino-DBCO
giving the compound 3. The coupling reaction is performed in the presence of HBTU and
DIPEA in CH2Clz and is followed by a purification on a silica column with a gradient of
CHCIl2/MeOH in order to eliminate the by-products induced by the coupling agent. (Scheme
IV.2) 'H NMR analyses and mass spectrometry confirmed the formation of compound 3 with

a mass of m/z 767 [M+H]".
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Scheme IV.2. Synthesis of compound 3, (a) HBTU, DIPEA, CH2Cl, few h at r.t..
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As a second step, -tBu groups are removed to obtain free carboxylic acid functions able
to complex manganese ions. To obtain compound 4, the usual method of deprotection is to use
an acidic medium, such as an equimolar mixture of TFA and CH>Cl., that was already used in
chapter II. Nevertheless, mass spectrometry and '"H NMR do not exhibit the characteristic
signals of compound 4, meaning that the desired product has not been formed. Following these
results, the proportion in TFA has been decreased but still without success. According to the
protocol of Beck et al.???, the reaction has then been performed in the presence of
triisopropylsilane (TIS) under argon atmosphere. Indeed, TIS is used as a cation scavenger to
avoid side reactions. Using this protocol (without using Ar atmosphere), 'H NMR and mass
spectrometry analyses seemed to show the presence of the desired molecule with the presence
of by-products. Nevertheless, the compound could not be isolated. Chigrinova et al.>** tried to
evidence the mechanisms that could occur on derivatives of the octyne moiety in the presence
of TFA, that could explain our results. Indeed, they showed the possibility for the cyclooctyne
to rearrange in two 5-membered cycles induced by the attack of the nitrogen atom on the alkyne
link. Moreover, Shi et al. evidenced the possible side reaction that could occur on DBCO having
a carbamate function in the presence of 10-20% in TFA. The system will undergo a
rearrangement to 4 rings system. Based on the Bronsted acid conditions, they proposed the

following mechanism that could occur: (Scheme IV.3)**
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Scheme 1V.3. Proposed mechanism by Shi ef al. for the amino-DBCO rearrangement in the presence of TFA.2*
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Moreover, they evidenced the presence of a mixture between molecules a and b. (Figure IV.1)
By modifying the quantity of TFA, the proportion of the two molecules is varied.>** This
observation could explain the presence of side products and the difficulty to separate them by

flash chromatography.

O : O . O : O Conversion (%)

\ \ Solvent Acids
a b
N b CH,Cl, TFA 10% 58.8 31.5
a
CH,Cl, TFA 20% 73 27

Figure IV.1. Resulting compounds evidenced by Shi ez al. and their proportion according to the acidic conditions used.?*

Thereby, in the light of these results, we decided to perform the deprotection in a basic
medium instead. The reaction was then performed in MeOH in the presence of LiIOH. However,
mass spectrometry analyses only exhibited the signal of compound 3. The medium was further
placed under reflux and the desired product, mixed with compound 3, was observed by mass
spectrometry. To complete the reaction, 2 additional equivalents of LiOH were added to the
solution. Nevertheless, despite the increase in the number of LiOH equivalents, the
modification of the heating temperature and a regular following by mass spectrometry, the
deprotection was never complete. In order to isolate compound 4, different conditions by thin
layer chromatography were used and the optimal one seemed to be MeOH/CH:Cl>+1%
triethylamine. The product was purified by flash chromatography with a gradient
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MeOH/CH2Clx+1% triethylamine (5/95 to 20/80 v/v) but the desired product could not be

isolated as a pure compound.

1V.2.1.2 Other strategy to prepare DBCO-Mn-complexes

A second strategy could be to couple the Mn-complex with the amino-DBCO. (Scheme
IV.4) This scheme is in general not chosen preferentially due to the impossibility to confirm
the reaction by 'H NMR. Indeed, the paramagnetic manganese ions present in the macrocycle
induce broadening of the peaks in the 'H NMR spectra. The reaction can nevertheless be
followed by mass spectrometry, so that it was tried. Unfortunately, amino-DBCO is not soluble
in water. This reaction was thus performed in a mixture of water and THF. THF was chosen
due to its ability to solubilize the amino-DBCO and its miscibility with water. The reaction was
performed in the presence of EDC-HCI with a controlled pH at 6, but the desired product has

unluckily never been observed by mass spectrometry.
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Scheme IV.4. Second strategy for the synthesis of DBCO-Mn-complexes. Expected reactions: (b)
TFA/CH:Cl: at r.t. (¢c) MnCl2-4H20, H20O, pH = 5-6, 40°C, Ar atm, overnight (d) EDC-HCI, pH = 6,
THF/H20, r.t..

IV.2.2 Click chemistry on DBCO-PEO-b-P(CL-co-LA)

Based on the results, the strategy was modified by grafting the DBCO rather onto the
copolymer (DBCO-PEO-b-P(CL-co-LA)) and the azide function on the Mn-complexes, so that

the same click chemistry reaction can be envisaged to couple Mn-complexes on polymersomes.

187



Chapter IV

1V.2.2.1 Synthesis of N3-Mn-complexes

The first used strategy was the modification of the carboxylic acid function of the ligand
L>COOr into an azide function. (Scheme I'V.5) Compound 8 can theoretically be obtained using
triethylamine (TEA) and diphenylphosphoryl azide (DPPA) in CH:Cl,. However, mass
spectrometry analysis showed a mass of m/z 523 which is smaller than expected (i.e., m/z 534
[M+H]"). This smaller mass can be attributed to the azide function that suffered from a Curtius
rearrangement followed by a hydrolysis.?*>2% (Scheme IV.6) Thereby, we attempted to isolate
the -N3 derivative using acyl chloride as an intermediate. The azide derivative synthesis was
herein performed during 4 h in CH>Cl> at 0°C by adding DMF and SOCI: to the macrocycle
solution under argon atmosphere until reaching room temperature. Then, the medium was
evaporated and redissolved in CH2Cl» followed by the addition of NaN;. The medium was
finally heated at 50°C. Still, we did not succeed in isolating compound 8.

(¢} o}

O\)J\ O\)I\

=z | OH =z | Ng
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Scheme IV.5. First strategy for the synthesis of Ns3-Mn-complexes. Expected
reactions: (¢) TEA, DPPA, CH2Cl: at r.t. (b) TFA/CH2Cl2 at r.t. (c) MnCl2-4H20,
H>O, pH = 5-6, 40°C, Ar atm, overnight.
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Scheme IV.6. Curtius rearrangement and hydrolysis of isocyanate function
that can be observed on azide functions.

In the light of the previous results, a second strategy has been elaborated. This second
strategy is based on a peptidic coupling of a N3-amino derivative similarly to the strategy used
previously with DBCO moiety. (Scheme IV.7) Herein, a coupling reaction between the
macrocycle and 3-azido-1-propanamine was envisaged. This reaction was performed with
HBTU and DIPEA in CHxCl, followed by a purification step on a silica column with a
CH,Cl2/MeOH gradient. '"H NMR and mass spectrometry evidenced the formation of the
product with still the presence of urea (which is inert for the next step). FT-IR analyses also
evidenced the stretching band of -N3 function (2100 ¢m™!, Figure IV.2) Then, deprotection of
-tBu groups was performed in an equimolar mixture of TFA and CH>Cl,. The 'H NMR and
mass spectrometry confirmed the formation of compound 13. The last step was the
complexation of the macrocycle with manganese ions as described in chapter II. Finally, to
perform mass spectrometry, the medium was desalted by steric exclusion chromatography on a

™ column. The osmolarity of the different fractions was determined with an

Sephadex
osmometer to obtain the ions concentration in solution. The formation of compound 14 was
confirmed by mass spectrometry at m/z 554 [M+Na]". However, infrared spectroscopy
evidenced the supposed loss of the -N3 function with the disappearance of the characteristic
band at 2100 cm!. It is possible that a hydrolysis reaction of the azide group occurred in the
medium but this was not confirmed by mass spectrometry.?*” This phenomenon has thus to be
investigated to confirm the presence of the -N3 function. This function being difficult to

evidence by NMR, it could be interesting to perform a click chemistry reaction, with a little

molecule possessing the DBCO moiety, to check if the expected product is obtained. Another
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solution could be to use UV-Vis, but it will be complicated in our case since the complexes

absorb in the same range of wavelengths than the azide function.
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Scheme IV.7. Second strategy for the synthesis of N3-Mn-complexes. Expected reactions: (a)
HBTU, DIPEA, CH2CL at r.t. (b) TFA/CH2CL at r.t.(c) MnCl2-4H.0O, H-0, pH = 5-6, 40°C, Ar
atm, overnight which was validated.
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Figure IV.2. FT-IR spectra of compound 12 (in blue)
and compound 14 (in black) showing the
disappearance of the N3 characteristic vibration peak
at 2100 cm™! wave number.
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IV.2.3 Synthesis of the copolymer with DBCO end-group

Since the N3-Mn-complex was obtained, a new diblock copolymer with the DBCO
moiety at the end had to be synthesized to allow the formation of polymersomes composed of
PEO-b-P(CL-co-LA) and DBCO-PEO-b-P(CL-co-LA). At the end, the presence of the DBCO
moieties at the surface of the polymersomes will allow the grafting of the N3-Mn-complexes by
SPAAC click chemistry reaction. To synthesize this second diblock copolymer, a commercially
available DBCO-PEO;x from Biochempeg® was used. However, the received batch clearly
exhibits two polymer distributions with a dispersity P=1.25 and a M, ~1600 g-mol! as
evidenced by SEC analyses. (Figure IV.3) Moreover, some impurities are visible on the 'H
NMR spectrum. (Figure IV.4) Some problems during the formation of polymersomes can thus
be anticipated, but the synthesis of the copolymer was nevertheless tried by Prof. O.

Coulembier.
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Figure IV.3. SEC traces in THF of DBCO-PEO and DBCO-PEO-b-P(CL-co-LA).

As expected, after the synthesis of the DBCO-PEO-b-P(CL-co-LA) by ROP, SEC analysis
shows the increase in molar mass of the polymer, but with the presence of the second
distribution. (Figure IV.3) The dispersity is slightly broader (i.e. P=1.4) with an associated M,
~ 7400 g'mol!. On the 'H NMR spectrum (Figure IV.5), the presence of the statistical
hydrophobic block with PLA and PCL is evidenced between 1 and 2 ppm as well as the
appearance of peaks at 2.3 and ~ 4 ppm induced by the presence of PCL.
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Figure IV.5. 'H NMR (500 MHz; CDCI3) spectrum of DBCO-PEO-b-P(CL-co-LA).



IV.2 Conclusion and perspectives

To conclude on this chapter, several difficulties have been met to obtain the Mn-
complexes bearing a functional group needed for SPAAC click chemistry, either the DBCO or
the azide functions. The main encountered difficulty came from the -tBu deprotection in an
acidic medium and different strategies have been developed to palliate this issue. The optimal
solution seems to be the grafting of 3-azido-1-propanamine on LoCOO" leading to the obtention
of the complex after -tBu deprotection and complexation with manganese ions. Nevertheless,
some improvements or other characterization techniques have to be performed to evidence the
presence of azide function on the complexes. On the other hand, the functionalized copolymer
DBCO-PEO-b-P(CL-co-LA) was synthesized using a commercial DBCO-PEO with an
unsatisfying purity leading to a bimodal dispersity in SEC analyses. This synthesis should thus
also require some improvements and optimizations. Two solutions could be attempted: either

to buy the polymer to another provider like JenKem™ (USA) or try to purify the current one.

The next step will be the formation of the polymersomes constituted of different proportions of
DBCO-PEO-b-P(CL-co-LA) and PEO-b-P(CL-co-LA). It could be interesting to determine the
number of DBCO on the surface to add exactly the right number of N3-Mn-complexes in the
medium. This amount will probably depend on the proportion between functionalized and
unfunctionalized polymers used to form the polymersomes. Indeed Nazemi et al. have shown
the formation of aggregates with N3-PEO-PBD polymer and certain ratios of the -N3 function.?3
Different proportions between functionalized and unfunctionalized polymer will thus have to
be tried to check if the same phenomenon is observed. The quantity of DBCO in the
polymersomes could then be quantified by NMR, by assuming that the half of it is expressed at
their surface. The subsequent grafting of the N3-Mn-complexes will then allow to refine the
results since the Mn concentration can easily be determined by relaxometry measurement or by
ICP after digestion of the complexes. Finally, a complete relaxometric study of the grafted
polymersomes should allow to evaluate the impact of the grafting on the rotational correlation

time 7r and on the efficacy of the nanoobjects as MRI contrast agents.

Moreover, in future works, this type of DBCO-functionalized polymersomes could also
allow to graft peptides or other specific targeting molecules, leading to the formation of a

versatile targeted theranostic nano-platform.
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IV.3 Materials and methods

1V.3.1 Materials

The 'H NMR spectra were recorded at 298K and reported in ppm. (Bruker®
AVANCEII-500 at 500 MHz, USA) The multiplicity of the peaks is defined as s (singlet), d
(doublet), t (triplet), q (quintuplet), m (multiplet) and -Phe (phenyl). The reactions were
monitored by mass spectrometry (Waters®, ZQ-2000, USA) and all the compounds were
characterized by mass spectrometry (Waters®, ZQ-2000, USA). The chemicals and solvent
were purchased from different compagnies: ChemLab, Sigma Aldrich, Roth, TCI, VWR,
Merck and Fluka. The chemicals and solvents (excepted CH>Cly) were used without further
purification. CH>Cl» was distillated under vacuum. PEO, &-CL monomer, L-LA monomer and
benzoic acid were bought from Sigma-Aldrich. All chemical reagents were beforehand dried
and placed in glovebox (MBraun Labmaster 130, Germany). Infrared spectra were recorded on
Spectrum 100 FT-IR Spectrometer (Perkin Elmer, USA), either with the Universal ATR
Sampling accessory (Perkin Elmer, USA), or using a KBr pellet formed from a mixture between
1% of compound and 99% of KBr, pressed with a Specac press (United Kingdom). SEC were
performed on Agilent 1200 devices in THF (containing 2 wt% of EtsN). Samples in solution (~
5 mg/mL) were injected at a flow rate of 1 mL/min at 35°C. The pre-column PL gel 10 mm was
followed by two PLgel 10 mm mixed-B. The molecular weight was obtained based on a
calibration with polystyrene standards. The data were treated by the provider’s software
(Agilent GPC-Addon). The flash chromatography was performed on Teledyne® Vasco Flash
EZprep (USA) using pre-packed cartridges. The collection is based on absorption at 254 and
270 nm by UV detection. The used osmometer is an Advanced Micro Osmometer Model 3300
(Advanced Instruments, USA)

IV.3.2 Synthetic methods

di-tert-butyl 2,2'-(2-((3-amidoDBCOpropyl)amino)-2-oxoethoxy)-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane-3,9-diyl)diacetate compound 3: Compound 1 (57.2 mg, 0.11 mmol)
and HBTU (87.35 mg, 0.22 mmol, 2 eq) are solubilized in CH2Cl> (4-5 mL), followed by the
addition of compound 2 (37.2 mg, 0.13 mmol, 1.2 eq) and DIPEA (76.5 uL, 0.45 mmol, 4 eq).
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The solution is stirred during few hours at room temperature, then the medium is washed two
times with water (5 mL). The resulting material is purified by chromatography on silica gel
(CH2Cl2/MeOH 100/20 to 90/10 v/v) and led to the desired product 3. Yield 48% (presence of
urea in the medium). '"H NMR (CDCls, 500 MHz) & (ppm): 1.47 (s, 9H, -tBu); 1.48 (s, 9H, -
tBu); 2.01-2.05 (m, 1H, NH-CH;-CH>-CO-); 2.47-2.54 (m, 1H, NH-CH2-CH>-CO-); 3.11
(broad s, 4H, NH-CH>-CH>-N-); 3.24 - 3.30 (m, 4H, NH-CH>-CH>-N-); 3.57 (broad s, -N-CH>-
C-);3.70 (d, J 13.91Hz, 1H -N-CH>-phe); 3.98 ( broad s, 2H, -N-CH>-CO»-); 4.09-4.17 (m,
2H, -NH-CH>-CH»-CO-); 4.40 (s, 2H, -O-CH>-CO-); 5.15 (d, J 14.03 Hz, 1H -N-CH>-phe);
7.18 (d, J 7.56 Hz, 1H, -O-C=CH-CH=C-); 7.24-7.44 (m, 10 H, -Phe); 7.66 (d, J 7.74 Hz, 1H,
-O-C=CH-CH=C-).

di-tert-butyl 2,2'-(2-((3-azidopropyl)amino)-2-oxoethoxy)-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane-3,9-diyl)diacetate compound 12: Compound 1 (45.8 mg, 0.09 mmol)
and HBTU (76.8 mg, 0.2 mmol, 2.2 eq) are solubilized in CH>Cl> (4-5 mL) followed by the
addition of compound 11 (9.6 puL, 0.1 mmol, 1.1 eq) and DIPEA (43.6 pL, 0.25 mmol, 2.8 eq).
The solution is stirred during few hours at room temperature, then the medium is washed two
times with water (5 mL). The resulting material is purified by chromatography on silica gel
(CH2Cl2/MeOH 100/20 to 90/10 v/v) and led to the desired product 12. Yield 79% (presence of
urea in the medium and residual solvent). "H NMR (CDCls, 500 MHz) &§ (ppm): 1.43 (s, 9H, -
tBu); 1.44 (s, 9H, -tBu); 1.81 (q, J 6.66 Hz, 2H, -N3-CH2-CH>-); 3.06 (broad s, 4H, NH-CH>-
CH>-N-); 3.16-3.23 (m, 4H, NH-CH»-CH>-N-); 3.34 (t, J 6.58 Hz, -N3-CH>-CH>- ); 3.39 - 3.44
(m, 4H, -N3-CH2-CH»-CH>- and -N-CH>-COz>-); 3.46 (s, 2H, -N-CH>-CO»-); 3.92 (s, -N-CH>-
C-); 4.13 (s, 2H, -N-CH>-C- ); 4.50 (s, 2H, -O-CH>-CO-); 7.01 (d, J 8.45 Hz, 1H, -O-C=CH-
CH=C-); 7.07 (d, J 8.48 Hz, 1H, -O-C=CH-CH=C-). ESI-MS (C20H4sNgOs) m/z: 591 [M+H]",
613 [M+Na]"

2,2'-(2-((3-azidopropyl)amino)-2-oxoethoxy)-3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane-3,9-diyl)diacetic acid compound 13: Compound 12 (8 mg, 0.01 mmol)
is solubilized in CH>Cl, (0.8 mL), followed by the addition of trifluoroacetic acid (0.2 mL).
The mixture is stirred overnight, and the solution is concentrated and washed two times with
diethyl ether to give the desired compound 13 as TFA salt. '"H NMR (CDs;OD, 500 MHz) §
(ppm) : 1.78 (q, J 6.68 Hz, 2H, -N3-CH2-CH>-); 3.11 (broad s, 4H, NH-CH>-CH>-N-); 3.16-
3.25 (m, 4H, NH-CH»-CH>-N-); 3.33 - 3.33 (m, 4 H, -N3-CH>-CH>-CH>- ); 3.57 - 3.60 (m, 4H,
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N-CH»-COy-); 3.67 (s, 2H, -N-CH>-CO,-); 4.03 (s, 2H,-N-CHy-C- ); 4.26 (s, 2H, -N-CH,-C-
); 4.63 (s, 2H, -O-CH»-CO-); 7.17 (broad d, J 8.45 Hz, 1H, -O-C=CH-CH=C-); 7.28-7.32 (m,
1H, -O-C=CH-CH=C-). ESI-MS (C20H30NsOs): m/z 479 [M+H]"

2,2'-(2-((3-azidopropyl)amino)-2-oxoethoxy)-3,6,9-triaza-1(2,6)-

pyridinacyclodecaphane-3,9-diyl)diacetate manganese compound 14: A solution of
MnCl,.4H,O (18 mg, 0.14 mmol) in water (~ 0.5 mL) is added dropwise to a solution of
compound 13 ( some mg ) in water (~ 1 mL). The pH is adjusted and maintained to 5 <pH <6
with aqueous solution of NaOH. The mixture is warmed at 40°C overnight. The presence of
free Mn2" ions is revealed by the colorimetric test with orange xylenol. The aqueous mixture is
treated with Chelex® resin, then freeze-dried to give the desired compound 14. ESI-MS
(C20H28MnNgOg): m/z 554 [M+Na]*

Compound 14 was desalted using Sephadex™ G-100 columns (Cytiva, Germany) that
were prepared by inflating the beads in Milli-Q water (approximately 3g / 200 mL of water)
during 3 days at room temperature. The medium was degassed under vacuum during 15-30 min.
The extra water was eliminated, and the gel was flowed in column (~ 25 cm, & 1 cm). The Mn-
complexes powder was dissolved in demineralized water (1 mL) and added in front of the

column. Fractions of approximately 1 mL were collected and characterized (Table IV.1).
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Table IV.1. Measurements of osmolarity, ESI-MS and colorimetric tests with orange xylenol on all

fractions
Fraction (mOsm-kg™) Tests orange xylenol m/z [M+Na]"

1 6 Neg 554
2 6 Neg 554
3 5 Neg 554
4 5 Neg 554
5 6 Neg 554
6 5 Neg 554
7 10 Neg 554
8 6 Neg 554
9 6 Neg 554
10 5 Pos / Neg ? 554
11 6 Neg 554
12 43 Pos /

14 237 Pos /

Synthesis of DBCO-PEO-b-P(CL-co-LA): this ROP reaction was performed by Prof.
O. Coulembier (SMPC Laboratory, UMONS)

Before use, DBCO-PEO1« (Biochempeg, USA) was dried under vacuum in a steam
room at 60°C for 12 hours and placed in a glovebox. DBCO-PEO (100 mg) was placed in a
glass vial followed by the addition of benzoic acid (23 mg), L-LA (72 mg) and &-CL (660 mg)
leading to a molar ratio of 1/8/94 (w/w/w) for [DBCO]/[L-LA]/[CL] respectively. The vial was
sealed and got out of the glovebox. The vial was placed under stirring at 155°C during 24 h.
Once at room temperature, THF (2 mL) was then added to solubilize the copolymer, followed
by the addition of eight volumes of cold heptane (12 mL). The resulting precipitate was filtered
and dried under vacuum until constant weight. Yield: 61%. M, SEC = 7400 g'mol! with a
dispersity ® = 1.49. 'TH NMR (CCls, 500 MHz) & (ppm) : 1.34 — 1.41 (m, 249H, P(CL-co-LA));
1.60 — 2.01 (m, 569H, P(CL-co-LA)); 2.30 (t, J 7.52 Hz, 240H, PCL); 2.60 -2.66 (m, 20H,
PCL); 2.68-2.71 (m, 2H, -CH>-NH-CO-); 3.63 (s, 415H, PEO); 4.05 (t,J 6.74 Hz, 240H, PCL);
4.20 —4.24 (m, 19H, PCL); 5.12 — 5.17 (broad d, 2H, -N-CH>-phe); 7.08 — 7.68 (m, 8H, -phe).
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As a reminder of the context of this study, cancer remains a major cause of death in the
world. A lot of efforts are thus made to diagnose it at an earlier stage and to treat it more
efficiently. Indeed, the currently used treatments are invasive or lead to multi drug resistance
by using several times chemotherapy techniques. Therefore, for several reasons there is a
growing interest in nanomedicine, and more particularly in polymeric nanoobjects, to improve
current treatments. To develop a theranostic platform, we first synthesized, in chapter II,
manganese complexes based on several pyclen derivatives. This macrocyclic structure was
chosen to allow the presence of one water molecule in the inner sphere of the magnetic center.
After the synthesis of the complexes, different Mn-pyclen derivatives, functionalized or not,
were fully characterized by different relaxometry techniques to evidence that one water
molecule is present in the inner sphere and is characterized by a very short residence time (in
the nanosecond range), which is benefic for the MRI contrast enhancement. The relaxivity at
clinical field is closed to that of commercial gadolinium complexes giving a proof of concept
of the interest of this type of molecules, confirmed by phantom imaging. Finally, preliminary
experiments on in vivo biodistribution were performed on a short cohort of mice, which
evidenced kidneys elimination within few hours and enlightenment of the liver and, on some
mice, hepatobiliary excretion pathway. This phenomenon allows to conclude on a possible
decomplexation of Mn?* ions, which has to be further investigated. Still, such results are
encouraging and are one of the pillars of the development of the theranostic platform which, at

the end, will combine MRI and fluorescence imaging (FLI).

Then, Chapter III treated the formation by self-assembly of nanostructures composed
of PEO-b-P(CL-co-LA) amphiphilic copolymers where the hydrophobic block is constituted of
a statistical polymer of biocompatible and biodegradable polyesters (PCL and PLLA) obtained
by ring opening polymerization (ROP) with an organic catalyzer. Such nanostructures are
essential in the development of the theranostic platform as they will be used as carriers and drug
delivery systems. The method used for self-assembly was shown to be essential to their
morphology as the nanoprecipitation route led to the formation of spherical and cylindrical

micelles, while vesicles (polymersomes) were obtained with the thin film rehydration method.
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These nanostructures were evidenced with different types of methods as AF4, MALS, SAXS
and Cryo-TEM. The obtained nanostructures are thus depending strongly on the self-assembly
method, which we attributed to the semi-crystalline property of the copolyester. The next step
was the encapsulation of drug, doxorubicin, and fluorescent dyes, ZW800-1 and rhodamine B.
Results evidence best drug loading content (DLC) for the polymersome structures, as compared
to micelles. The subsequent in vitro and in vivo studies showed a survival rate below 80% of
the cells for higher concentration than 0.8 mg/mL in copolymer. This phenomenon was
observed for cells able to internalize the nanocarriers, which was confirmed by confocal
microscopy analyses. Moreover, the nanocarriers have demonstrated their capacity to decrease
the toxicity of doxorubicin due to its entrapment, demonstrating their interest for such
applications. Concerning in vivo assays, results evidence different behaviors. First, micelles
show an almost instantaneous release, probably due to the physisorption on their surface of the
drug and of the dyes. This phenomenon translates into a fluorescent signal in the kidneys and
bladder within 1 hour and no accumulation at the tumor site. However, this way of elimination
is well-known for small organic molecules, and not favored for objects in the size range of
micelles. On the contrary, polymersomes exhibit a signal during the first hour in the kidneys,
followed during the next hours and days by a fluorescent signal in the liver and the spleen.
Moreover, one mouse having a spontaneous tumor evidenced tumoral accumulation of the
nanostructures. This final result evidences the proof of concept of polymersome capacity to
accumulate in tumor by the EPR effect, which is promising for targeted release of drug allowing

also to reduce the side effect of free anti-cancer drugs.

While Chapter II and Chapter III discussed the development of important parts of the
theranostic platform, the last chapter I'V opens ways of synthesis to incorporate Mn-complexes
onto polymersomes, allowing to bring the bimodality to the theranostic platform on one side
and, on the other side, to increase the relaxivity of the complexes by modifying the tr
parameter. The chosen synthetic route was based on copper-free click chemistry (SPAAC)
reaction and consists in grafting an azide function on the Mn-complex arm, and a cyclooctyne
(DBCO) group on the copolymer chain-end. Nevertheless, those syntheses still need to be
improved and a proof of concept of the grafting onto the surface of the polymersomes has still

to be brought.
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Chapter V: Conclusions and outlooks

This work opens the route to a lot of different perspectives. First of all, polymersomes
made of PEO-b-P(CL-co-LA) copolymer have shown their interest in drug delivery and their
possible accumulation in tumor area. Nevertheless, they still need some improvements.
Foremost, the synthesis has to be better controlled. A solution is to use aluminium alkoxydes
like Ti(Oi1Pr); which represents an interesting alternative as catalyst and initiator of the ROP of
lactides and lactones.? Those last have recently been used at very low content (down to 0.1%)
to prepare statistical P(LA-co-CL) copolymers with an important fraction of lactidyl units.>
Moreover, the body is daily exposed to aluminium with quantities of approximately 30 mg per
day.® Thus, the catalytic quantities of aluminium used in the synthesis should not bring any
toxicity to the organism. Still, extensive washing steps of the copolymers will be necessary, but
this route remains an interesting option for further work. After that, it could be interesting to
increase the number of lactidyl units to ensure a high drug release capacity, whereas allowing
the obtention of polymersomes, the drug release capacity and a low toxicity of the resulting
nanostructure. Indeed, as a reminder, LA moieties have the capacity to be degraded faster than
PCL moieties and to increase the degradation rate in the tumor microenvironment as the pH
decreases with the production of lactic acid, but it could also generate issues in polymersomes
formation. It could thus be interesting to determine the right proportions of LA moieties that
allows the formation of polymersomes, increases the drug release kinetics, and finally does not
exhibit toxicity in vitro and in vivo. Verifying all those requirements will allow to obtain an
optimal nanosystem having the right properties for controlled drug delivery. These systems
have also to be fitted with drug delivery laws to evidence if the adding of LA moieties impact
the rate of delivery as expected. After that, in vivo experiments on mice bearing tumors have to
be performed to evidence the capacity of polymersomes to accumulate in tumors by EPR effect,
as well as the drug release and its capacity to decrease the tumor size. Finally, the bimodality
advantage of the nanostructure has to be evaluated by, first, performing photoacoustic imaging
(PAI) which could also be combined with MRI, and secondly, by grafting Mn-complexes onto
the surface. Indeed ZW800-1 can also be used as contrast agent in PAI, which could be more

interesting than optical imaging thanks to the higher penetration depth of the acoustic waves.

Concerning the Mn-complexes needed to visualize the nanoobjects by MRI, they could
require further investigation and improvements. Indeed, in vivo experiments showed a probable
decomplexation phenomenon. This decomplexation could occur by competition with zinc and
copper ions also present in the body if the stability constants are compared (for MnL1H) and in

view of our transmetalation tests in the presence of zinc ions.! To evidence this issue, it could

202



be interesting to use radiolabeled manganese ions which should allow to follow only the
exogenous manganese ions and to track it in mice. Though, it could also be interesting to
evaluate if the presence of an arm on the pyridine ring has an impact on the kinetic and on the
thermodynamic stability constants of the system. To improve the kinetic inertness of Mn?*-
complexes, it could be interesting to replace the two acetate complexing groups by non-
ionizable groups such as amides. In this case, the positive charge on the results cationic Mn?*-
complexes could be protective against acid-assisted dissociation, although grafting of neutral
macromolecules might be necessary in that case to insure stealthness against adsorption of
blood plasma proteins. Those modifications of the structure will have to be characterized by
relaxometry to ensure that they do not impact the efficiency of the complexes as MRI contrast
agents. On the other hand, another way of investigation could be to evidence the viscosity of
kidney fluids to check if the contrast is brought only by the contrast agents or by a modification
of the viscosity induced by the presence of the contrast agents. All of this will also have to be
evaluated once the Mn-complexes will be grafted on the polymersome surface since the grafting
could modify the stability of the complexes. Moreover, their efficacy as MRI contrast agents
and the associated parameters Tm, Tr and ¢ should also be reevaluated to evidence the impact
of the nanostructure. Another interesting way to fully evaluate the improvement, as
demonstrated by Nazemi et al., is the presence of dendritic structure which totally blocks the
free rotation of the complexes, which allows to increase significantly their relaxivity.?*” The
two systems (dendrimers vs. polymersomes) may be compared to evidence correctly the impact

of these different types of structure on the (thumbling rate) tr factor.

Finally, I would also like to give a critical aspect on this thesis that could bring issues
in the future population, due to a continual increase of using PEG in a lot of different
applications thanks to its biocompatible properties. Indeed, PEG is daily found in different
formulations as (i) in cosmetics products : PEO plays a role of emulsifying and surfactant agent
in a large panel of products?*. (ii) drug formulations: it is often used as a coating to stabilize
nanostructures, and to increase their half time circulation in blood thanks to a decrease of the
opsonization.?**?%Y (iii) daily used objects: due to its plasticizer properties, it is blended with
other polymers to modify the plastic properties of different objects. Therefore, approximately
72% of people which never took pegylated drugs exhibit the presence of anti-PEG antibodies

in their blood.*
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At the end of the 20" century, Richter et al. evidenced the detection of anti-PEG antibodies in
rabbits followed by their detection in man.?'-233 Therefore, some researchers tried to
understand the development of these antibodies, their mechanism and the formation of allergic
problems in human leading to an hypersensitivity to pegylated nanoparticles. Moreover, efforts
are made to develop different assays allowing to obtain the rate of antibodies because no
predetermined procedure already exist.?>*>>° As example, a study using liposomes decorated
with PEO moiety to decrease the immune response, has shown an accelerated blood clearance
after the second injection due to the formation of anti-PEG antibodies. This phenomenon is
however governed by the structure of the PEG and the used concentration.* Indeed, Liu et al.
demonstrated, with a pegylated nano-emulsion, a decrease of the hepatic accumulation with an
increase in the molecular weight of PEO, and a modification of the clearance speed after
repeated injections.?*® A recent study of Senti et al. based on pegylated lipid tried to evidence
the mechanism of complement activation triggered by anti-PEG antibody and its impact on the
liposomes structure. They show that this way of activation can compromise the bilayer structure
and induce a premature drug release.”’ All those results could thus compromise the treatments

based on nanomedicine, while in 2019, already 19 treatments using PEG were approved by the

FDA 2%

A relevant example, which concerns all the society due to the covid-19 pandemic and
could become a societal problem, is based on the small amount of PEG used in the mRNA
vaccines to stabilize lipid nanoparticles. Two different research teams have studied the impact
of the multiple dose injections on the proportion of Anti-PEG in human plasma. Ju et al.
evidenced a non-negligible boosting effect on IgM and IgG (antibodies) in their cohort for the
Moderna vaccine, whereas Guierrini et al. only found a boosting effect on IgM and no change
for IgG (please note that their cohort can contain people who receive Pfizer or Moderna for
their two first doses, with the same or the other one for their third dose). Moreover, some rare
cases of allergic reactions were also reported due to the already present anti-PEG antibody. Due
to the recent massive use of mRNA in the population, Ju et al. concluded that it will be

important to study on the long term the impact of the vaccine on the rate of IgG and IgM.23%-258

Different strategies can take place to avoid the formation of anti-PEG antibodies or to
overcome it. One strategy consists in using a pre-treatment based on the injection of free high
molecular weight PEG. McSweeney et al. evidenced a decrease in the immune response based
on the hypothesis that free PEG is saturating the B cell receptors and increases the blood half

time of the pegylated treatment.?>® To conclude, one can ask the following question which
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seems very important for the future of nanomedicine (though not studied at all in the current

thesis...):

Will the impressive stealth properties of PEG surpass the immune response of Humans?
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